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Abstract 

Ion channels are the unitary elements that underlie electrical activity of gastroin- 
testinal smooth muscle cells and of interstitial cells of Cajal. The result of ion 
channel activity in the gastrointestinal smooth muscle layers is a rhythmic change 
in membrane potential that in turn underlies events leading to organized motil- 
ity patterns. Gastrointestinal smooth muscle cells and interstitial cells of Cajal 
express a wide variety of ion channels that are tightly regulated. This review sum- 
marizes 20 years of data obtained from patch-clamp studies on gastrointestinal 
smooth muscle cells and interstitial cells, with a focus on regulation. 



INTRODUCTION 

The function of gastrointestinal smooth muscle is twofold: to mix intestinal 
content and thereby aid digestion, and to propel intestinal content. Special- 
ized areas of the gastrointestinal tract also function as barriers (sphincters). 
For gastrointestinal smooth muscle to perform its function it must be able to 
contract and relax in synchronized patterns for the life span of the organism. 
Fundamental to the ability to contract is electrical excitability, with changes in 
smooth muscle contractile activity closely mirroring changes in smooth muscle 
membrane potential. The functional unit underlying the setting of the mem- 
brane potential is the ion channel. Ion channels are pores in the cell membrane 
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that allow the rapid transfer of ions across the cell membrane. Ion channels are 
the elemental excitable unit in all cells, including smooth muscle. Individual 
ion channels can respond to a specific stimulus that can be electrical, such as a 
membrane potential change; chemical, such as a neurotransmitter; or mechan- 
ical. The response to a stimulus is an opening or closing of the pore, altering 
the permeability of the ion channel and changing the flux of ions across the 
membrane. Most ion channels are selective; that is, they have a selective per- 
meability to a particular ion or class of ions. The main classes of ion channels 
are Na + , K + , Ca 2+ , nonselective cation, and anion channels. This review sum- 
marizes our knowledge of the types of ion channels found in gastrointestinal 
smooth muscle and interstitial cells of Cajal, describes their biophysical prop- 
erties and their regulatory mechanisms, and discusses their potential role in 
gastrointestinal physiology. I have elected to use information only obtained by 
direct measurement of whole-cell or single-channel currents. I have avoided de- 
tailed kinetic analysis of each channel type, as such information is best suited 
for more focused reviews. On the other hand, I include, whenever possible, 
experimental conditions and drug doses to aid experimentalists. Finally, I only 
discuss the regulatory pathways and biophysical properties of gastrointestinal 
smooth muscle ion channels, even if substantial relevant information exists 
outside of the gastrointestinal tract. 

CALCIUM CHANNELS 
Introduction 

Calcium (Ca 2+ ) plays an important role in the function of all cell types but 
plays an even more central role in muscle cells. Ca 2+ triggers contraction in 
smooth muscle and is a ubiquitous second messenger, transducing signals from 
a variety of compounds including neurotransmitters, hormones, and growth 
factors. Opening of Ca 2+ channels results in a rapid rise in intracellular Ca 2+ , 
with an often greater than tenfold increase in cytosolic Ca 2+ concentration. 

Channel Classification 

The current classification of Ca 2+ channels includes L-type (Ca L , high thresh- 
old) channels, T-type (Ca T , low threshold), N-type, P-type, Q-type, and R-type. 
P-, Q-, and R-type Ca 2+ channels have not been described in gastrointestinal 
smooth muscle, and there is only one report of ^type-like Ca 2+ channels, from 
longitudinal muscle cells of the rat ileum. Therefore, this section focuses on 
L- and T-type Ca 2+ channels. 

Most cell types that express T-type Ca 2+ channels also express L-type Ca 2+ 
channels. In general, the maximal amplitude of current generated by T-type 
Ca 2 + channels is tenfold less than the current generated by L-type Ca 2+ channels. 
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It is therefore important to separate the two currents to accurately determine the 
channel types present in gastrointestinal smooth muscle. Maneuvers to separate 
the two channel types include the following (modified from 1): 

1 . Holding voltage. T-type Ca 2+ channels activate at more negative potentials 
than L-type Ca 2+ channels and inactivate at more negative potentials. Max- 
imal current is also reached at more negative potentials. Therefore, at a 
holding voltage of - 1 00 mV, both channel types are available for activation, 
whereas at -40 to -50 mV, L-type Ca 2 + channels are still mostly available 
for activation, and T-type Ca 2+ channels are mostly inactivated. 

2. Permeability. The whole-cell current recorded from L-type Ca 2+ channels 
with Ba 2 + as the charge carrier is several-fold larger than with Ca 2+ as the 
charge carrier. The size of T-type calcium channel current is unchanged 
when external Ca 2+ is replaced with Ba 2+ . 

3. Kinetics. T-type Ca 2+ channels inactivate faster than L-type Ca 2+ channels 
and deactivate slower. 

4. Blockers and activators. 1,4-Dihydropyridines such as nifedipine and related 
compounds are relatively specific blockers, and BayK 8644 is a relatively 
specific activator for L-type Ca 2 + channels at concentrations of 10 fiM or 
less. T-type Ca 2+ channels tend to be more sensitive to Ni 2+ and less sensitive 
to Cd 2+ than L-type Ca 2+ channels. 

L-TYPE Ca 2+ CHANNELS 
Introduction 

L-type Ga 2+ channels are required for gastrointestinal smooth muscle contrac- 
tility. Addition of nifedipine, an L-type Ca 2+ channel blocker, to intestinal 
smooth muscle strips results in cessation of contractile activity. L-type Ca 2+ 
channels are needed to allow Ca 2+ entry into smooth muscle cells to sustain 
contractile activity. Therefore, it is not surprising that L-type Ca 2+ channels 
have been found in all regions of the gastrointestinal tract. 

Channel Structure 

L-type Ca 2+ channels are made up of at least five subunits, a u a 2 , 0, &, and y . 
The a l -subunit ( 1 95 kDa) is the major transmembrane component of the L-type 
Ca 2+ channel. This subunit includes the ion conductance pore, and its expres- 
sion alone is enough to form a channel that conducts Ca 2+ . The a 2 -subunit is a 
^28-kDa heavily glycosylated protein and in smooth muscle is highly con- 
served. In cardiac Ca 2+ channels, coexpression of the a 2 j-subunit with the 
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a x -subunit decreased activation time (2). 0- and y -subunits have not been cloned 
from gastrointestinal smooth muscle. Coexpression of the cardiac a r subunit 
and the brain ^-subunit resulted in a marked increase in activation rate, a nega- 
tive shift in the voltage of peak inward current, and an increase in peak inward 
current (reviewed in 1). No non-skeletal y-subunit has been cloned. 

Single Channel Conductance 

An initial study on gastrointestinal L-type single channel Ca 2+ currents found, 
a 30-pS Ca 2+ channel in cell-attached patches from guinea pig taenia coli with 
50-mM Ba 2+ as the charge carrier in the bath (3). Another study found, in 
cell-attached patches from guinea pig taenia coli, a 25-pS channel with 50-mM 
Ba 24 " as the charge carrier in the bath and 140-mM Cs + in the pipette solution, as 
well as a 12-pS Ca 2+ channel (4). The 25-pS channel was blocked by nifedipine 
(2 /zM), suggesting that it was an L-type Ca 2+ channel. In contrast, the 12-pS 
channel was not affected by nifedipine, was not blocked by Cd 2+ (10 /iM 
in pipette), and exhibited rapid inactivation. The authors suggested that the 
smaller conductance channel may represent a T-type Ca 2+ channel. A 20-pS 
nifedipine-sensitive Ca 2+ channel was reported from smooth muscle cells of 
the rabbit ileum with 50-mM Ba 2+ as the charge carrier (5), and 2 nifedipine- 
sensitive Ca 2+ channels were identified from canine colonic circular smooth 
muscle cells with 80-mM Ba 2 + as the charge carrier (6). One channel had a 
conductance of 1 0 pS and was infrequently seen; whereas the dominant channel 
had a conductance of 21 pS. At a molecular level, only the class C a } -subunit 
and only one splice variant class C a j -subunit, rbC-II, were present. A single- 
channel conductance of 1 7 pS was reported in canine and human jejunal circular 
smooth muscle cells, with 80-mM Ba 2+ as the charge carrier (7). Nifedipine 
(1 /xM) inhibited nearly all channel activity (Figure 1). 

Whole-Cell Current Kinetics and Regulation 

The whole-cell current that results from the opening of any single channel 
conductance, including single Ca 2 + channels in smooth muscle cells, can be 
modeled as: 

I = N • i • P 0 , 

where I is the whole-cell current, N the number of channels in the cell mem- 
brane, i the unitary current through a single channel, and P 0 the probability 
that a channel is open. P 0 is voltage dependent and can be subdivided into the 
probability that a channel is available to be opened and the probability that a 
channel that is available to be opened is open. The relationship between steady- 
state activation and inactivation gives rise to the whole-cell window current, i.e. 
the current that would be expected to flow under steady-state conditions at a 
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Figure I L-type Ca 2+ channel activity recorded from a canine jejunal circular smooth muscle cell 
bathed in 1 50 mM KC1 and 80 mM Ba 2+ as the charge carrier. Single channel activity recorded from 
an on-cell patch before (A) and after nifedipine (B). At least two channels are present in this patch 
(Lq = closed, Lj = 1 channel, L 2 = 2 channels). As can be seen from the histograms, nifedipine 
biocked nearly all channel activity (NP 0 = 0.99 before, NP 0 = 0.0004 after nifedipine) (7). 

particular voltage. The window current is useful as it allows assumptions to 
be made on the size of the steady-state Ca 2+ current at a particular voltage, 
such as at the resting membrane potential of a gastrointestinal smooth muscle 
cell and the change that can be expected if the cell membrane potential were to 
change. The voltage dependence of activation and inactivation can be fit by a 
Boltzmann equation: 



I/Imax=l/d+exp[V h -V]/k), 
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where I is the current, I max the maximal inward current, V is the test activating 
potential, V h the test potential eliciting half-maximal I, and k the slope factor. 
The resulting curve is sigmoidal. Steady-state inactivation can also be fit by a 
Boltzmann equation, again resulting in a sigmoidal curve. In canine jejunal cir- 
cular smooth muscle cells, steady-state activation was fit by a single Boltzmann 
curve with a V h of —6 mV and a k of —5.7 mV (7). Inactivation was also fit with 
a V h of —36 mV and a k of 14 mV. The two curves resulted in a peak window 
current at about —15 mV. The records were obtained with 80 mM Ba 2 + as a 
charge carrier. The voltage sensed by L-type Ca 2+ channels is modified by the 
surface charge screening effects of cations in the bath solutions. In canine and 
human jejunal circular smooth muscle cells, 80 mM Ba 2+ results in a shift in 
the activation- voltage curve in the depolarization direction of about 25 mV. 

The temperature-dependence of the L-type Ca 2+ channel current in gastroin- 
testinal smooth muscle appears to be similar to that reported from other smooth 
muscle cells. The amplitude of the inward current carried by Ba 2+ increases 
by ^3 in ventricular myocytes for a 10°C rise in temperature (Q l0 ) (8) and by 
2.1-2.4 in skeletal muscle. In guinea pig taenae coli myocytes, a Q 10 of 1.7 (9) 
was reported and in canine jejunal circular smooth muscle cells, the reported 
Q 10 was«2.1 (10). 

RUNDOWN L-type Ca 2+ channel current runs down during traditional whole- 
cell patch-clamp recordings. Rundown may be preceded by a brief run-up 
period where the peak inward current increases over a short time period (^5 
min), suggesting that it is secondary to wash out of cytoplasmic contents that 
suppress L-type Ca 2+ channel current. The mechanism of rundown is unclear. 
Contributing factors include the effects of entry of cations, such as Ca 2+ , on 
intracellular phosphatases or proteases. In non-smooth muscle cells, Ca 2+ - 
dependent protease inhibitors reduce rundown. Phosphatase inhibitors may 
also reduce rundown. Calyculin A, an inhibitor phosphatase types 1 and 2 A, 
induces an increase in inward current recorded from canine jejunal circular 
smooth muscle cells (11). In a variety of cell types, including gastrointestinal 
smooth muscle (12), intracellular ATP reduces rundown probably by several 
mechanisms including favoring phosphorylation, Ca 2+ regulation, and protect- 
ing Ca 2+ channels from enzymatic hydrolysis (1). 

In excised patches, rundown is about tenfold faster than rundown of whole- 
cell currents, which makes it difficult to record L-type Ca 2+ channel current 
in excised patches. As in whole-cell currents, potential mechanisms include 
dephosphorylation, proteolysis, and change in intracellular Ca 2-I ~ and G-protein 
concentrations. There may be differences between the mechanisms of run- 
down in gastrointestinal smooth muscle ceils and cardiac smooth muscle cells. 
In canine colonic smooth muscle cells, addition of BayK 8644 (1 /*M) and 
EGTA (5 mM) to the bath enables prolonged single-channel recordings from 
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excised patches (6), whereas a similar approach was unsuccessful in guinea pig 
ventricular cells (13). 

CALCIUM Chelation of intracellular Ca 2+ with EGTA or BAPTA reduces inac- 
tivation, which suggests that a rise in intracellular Ca 2+ increases inactivation of 
L-type Ca 2 + channels. More evidence for the role of intracellular Ca 24 " in alter- 
ing the behavior of L-type Ca 2 f channels is the marked reduction in inactivation 
when Ba 2+ is substituted for Ca 24 " as the charge carrier, while peak inward cur- 
rent is increased. This suggests that L-type Ca 2+ channels are more permeable 
to Ba 2+ than to Ca 2+ and that Ca 2+ stimulates inactivation. For example, in 
guinea pig gastric myocytes (14) with Ca 2+ as the charge carrier, inactivation 
was fitted with two exponentials of r & 53 and r ^ 175 ms. With Ba 2+ as the 
charge carrier, inactivation was well fit with one exponential of r & 145 ms, 
suggesting that the fast inactivation time constant was Ca 2+ dependent. 

Ca 2+ -dependent enhancement of Ca 2+ current has been reported in gastroin- 
testinal smooth muscle cells from the stomach of Bufo marinus^ In these gastric 
myocytes, two components of the inward Ca 2+ current were identified, a low- 
and a high- voltage-activated component. The high-voltage-activated compo- 
nent (presumably L-type) was enhanced by raising intracellular Ca 2+ . The 
increase in current was maximal with an internal Ca 2+ of ^600 nM (15). 

pH L-type Ca 2 + channel activity in most cell types is inhibited by extracellular 
acidification and enhanced by Extracellular alkalization; In guinea pig gastric 
myocytes (14), a change in extracellular pH from 7.2 to 8.0 increased maximal 
inward current by ^70%, and a change in pH from 7.2 to 6.0 decreased maximal 
inward current by ^71%. Potential mechanisms of the effects of pH include 
neutralization of surface charge, block by external protons, and block by internal 
protons. 

cAMP AND PHOSPHORYLATION The effects of cAMP in gastrointestinal smooth 
muscle appear to be diverse, c AMP was without effect on L-type Ca 2+ channels 
in guinea pig ileal smooth muscle cells (12), and phenylephrine in rat anococ- 
cygeus muscle produced a dose-dependent inhibition of L-type Ca 2+ channel 
current (16). In canine colonic myocytes (17), low concentrations of cAMP 
activated L-type Ca 2+ channel current and higher concentrations inhibited the 
current. 

The effects of phosphorylation on L-type Ca 2+ channel current have also 
been tested in gastrointestinal smooth muscle. Yabu et al reported that caly- 
culin A increased inward current through L-type Ca 2+ channels (carried by 
Ba 2+ ) from guinea pig taenia coli smooth muscle, which suggested that phos- 
phorylation increased inward current in these cells (18). Ward et al studied 
L-type Ca 2+ channel current recorded from colonic and gastric canine smooth 
muscle cells (19). In contrast to the above results, in traditional whole-cell 
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patch-clamp experiments both okadaic acid and calyculin A reduced peak in- 
ward current. Calyculin also contracted the isolated smooth muscle cells and 
raised intracellular Ca 2+ measured with indo-1. Okadaic acid did not cause 
gastric cell contraction or a change in intracellular Ca 2+ , which led the authors 
to speculate that the apparent rise in intracellular Ca 2+ observed with calyculin 
A may have been secondary to changes in cell shape. Decrease of L-type Ca 2+ 
channel current with okadaic acid was also reported by Lang et al (20). A 
possible explanation for the apparently discordant results is that Yabu et al used 
Ba 2+ as the charge carrier and Ward et al used Ca 2+ . Ca 2+ may have direct 
effects on L-type Ca 2 " 1 " channels or modify other regulatory mechanism that 
control L-type Ca 2+ channels. Another possible explanation was put forward 
by Obara & Yabu in 1993 (21). The authors found that low concentrations of 
okadaic acid (10 nM) and calyculin A (0.5 nM) decreased inward current in 
guinea pig taenia coli smooth muscle cells, whereas higher concentrations in- 
creased inward current. The authors suggested that the inhibitory effects were 
mediated through type 2A protein phosphatases and the stimulatory effects 
through type 1 protein phosphatases. The effects of phosphorylation on L-type 
Ca 2+ current were also studied in isolated canine jejunal circular smooth muscle 
cells with Ba 2+ as the charge carrier (11). G-protein stimulation via GTP-yS ' 
increased inward current, whereas G-protein inhibition via GDP-/JS inhibited 
the inward current. The G-protein effects appeared to be mediated by a cholera 
toxin-sensitive, pertussis toxin-insensitive G protein. Activation of the L-type 
Ca 2+ channel current by G proteins appeared to be secondary to a change in 
protein phosphorylation as staurosporine, a nonspecific protein kinase inhibitor, 
inhibited the effects of G-protein activation on inward current and calyculin A 
accentuated the effects of G-prptein activation on inward current. Calyculin A 
(100 nM) had a biphasic action on L-type Ca 2+ channel current, first activat- 
ing, then inhibiting L-type Ca 2+ channel current, which again suggested a dual 
effect of phosphorylation in the modulation of L-type Ca 2+ channel current in 
gastrointestinal smooth muscle. 

OTHER REGULATORY MECHANISMS Muscarinic receptors are found on gas- 
trointestinal smooth muscle cells, and the receptors are coupled to a variety of 
G proteins. Both an inhibition of L-type Ca 2+ channel current and an activation 
of L-type Ca 2+ channel current by ACh can be predicted depending on which 
G-protein cascade is activated. In 1985, Sims et al (22) recorded currents from 
toad gastric smooth muscle and demonstrated activation of Ca 2+ channels and 
inhibition of K + channels in response to ACh. ACh (1 fiM) and erythromycin 
(1 /xM), a promotility agent, activated L-type Ca 2+ channel current (carried 
by Ba 2+ ) in canine jejunal circular smooth muscle cells (7). The increase in 
current was blocked by nifedipine, which suggests that it was carried by L-type 
Ca 2+ channels. In contrast, ACh was found to decrease L-type Ca 2+ current in 
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other gastrointestinal myocytes such as guinea pig gastric myocytes (23) and 
canine colonic myocytes (24). : 

L-type Ca 2+ channel current in human and canine jejunal circular smooth 
muscle cells is also modulated by the gastrointestinal hormone motilin (25). 
Motilin increased L-type Ca 2+ channel current, carried by Ba 2+ , in a dose- 
dependent manner. The effects of motilin appeared to be mediated through a 
pertussis toxin-insensitive G-protein pathway. 

T-TYPE Ca 2+ CHANNELS 
Introduction 

T-type Ca 2+ channels are found in a several smooth muscle cells including 
vascular and cardiac smooth muscle. T-type Ca 2+ channels have been described 
in gastrpintestinal myocytes of the guinea pig, rat, and Bufo marinus. Their 
physiological role is not as clear as that for L-type Ca 2+ channels. T-type Ca 2+ 
channels are generally active at voltages negative to —60 mV and inactivate 
rapidly at more depolarized voltages. In smooth muscle cells with membrane 
potentials positive to —60 mV, little current is expected to flow through T-type 
Ca 2+ channels. In cardiac sino-atrial cells, T-type Ca 2+ channels have been 
implicated in the generation of the pacemaker current (26), and a similar role 
for T-type Ca 2+ channels has been proposed in gastrointestinal smooth muscle 
cells and in interstitial cells of Cajal (see below). 

Channel Structure 

The T-type Ca 2+ channel has not yet been cloned in gastrointestinal smooth 
muscle and little information is known about the channel structure. Recently, 
a neuronal T-type channel has been cloned and expressed. The single channel 
conductance in Xenopus oocytes was 7.5 pS (27). 

Single Channel Conductance 

Yoshino et al (28, 29) reported two Ca 2+ channel types in smooth muscle cells of 
guinea pig taenia coli. One fulfilled the criterion for an L-type Ca 2+ . The other 
had a conductance of 12 pS, inactivated rapidly, was inactivated at a holding 
potential of —40 mV, and was insensitive to nifedipine (2 /xM). The 12-pS 
channel openings were mostly seen at the beginning of depolarizing pulses. The 
data suggest that the 12 pS channel was a T-type Ca 2+ channel. The authors, 
however, also pointed out that the activation threshold for the 12-pS channel 
was —40 mV, a depolarized value compared with cardiac T-type Ca 2+ channels. 

Whole-Cell Current Kinetics and Regulation 

Yoshino et al (28, 30) recorded whole-cell and single-channel currents from 
guinea pig taenia coli myocytes. Whole-cell current inactivation was best fit 
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with two exponentials, one thought to represent the fast inactivating (T-type) 
Ca 2+ channel current, insensitive to nifedipine, and one thought to represent the 
slow inactivating (L-type) Ca 2+ channel current, sensitive to nifedipine. Voltage 
dependence of activation was similar for both components. Yamamoto et ai (3 1 ) 
also studied inward Ca 2+ current from guinea pig taenia coli myocytes. In their 
study, inactivation was best fit by three exponentials of 7, 45, and 400 msec, at 
0 mV and 33°C. Activation was best fit with a single exponential. The authors 
suggested that the inactivation characteristics of the Ca 2+ current reflect the 
presence of more than one Ca 2+ channel type. Katzka & Morad (14) recorded 
whole-cell inward currents from guinea pig gastric myocytes. Inactivation was 
best fit with two exponentials; however, the authors found little evidence for 
two Ca 2+ channel types as inward current activated at a relatively depolarized 
—20 mV; changing the holding voltage did not alter inactivation kinetics, as 
would be expected if a T-type Ca 2+ channel was present, and nifedipine did not 
preferentially block a component of the Ca 2+ current. 

There also seems to be a difference in the relative expression of the putative 
two channel types with age (32). Two components of inward Ca 2+ current were 
recorded from newborn and adult rat ileal myocytes. In newborn rat ileal my- 
ocytes (1-3 days old), two components of inward Ca 2+ (carried by 10 mM Ca 2+ ) 
current were observed (apparently in all 94 cells studied). One activated at a 
voltage range of ^40 mV, had a fast inactivation rate, and was completely inac- 
tivated at a holding voltage of — 50 m V. The other component activated at ^ — 1 0 
to —20 mV, had a slower inactivation, and was well discernible at a holding 
voltageof — 50mV. Of interest, nifedipine (1 jan) had no effect on the two com- 
ponents of the inward current in newborn ileal myocytes. Nifedipine (30 /xM) 
blocked ^20% of peak inward current with no effect on the low- voltage activat- 
ing component (presumably T-type) of the inward current. Cadmium (10 juM) 
blocked the high- voltage activating component (presumably L-type) with no ef- 
fect on the low- voltage activating component. Cadmium (100 fuM) blocked both 
components, whereas nickel (500 fiM) blocked the low-voltage activating com- 
ponent with little effect on the high-voltage activating component. In contrast, 
in the adult rat (2.5-3 months), only a high- voltage activating component of the 
inward Ca 2+ current was seen with a greater sensitivity to nifedipine than to the 
current (as in newborn rats). In several of the 1 6 cells studied, a fast inactivating 
component of the inward Ca 2+ current was observed but was too small to study. 
The authors conclude that in the ileal myocytes of newborn rats a T-type Ca 2+ 
channel is present, as well as another channel type suggestive of both L- and 
N-type Ca 2+ channels and with a low sensitivity to nifedipine. In adult rat ileal 
myocytes, T-type Ca 2+ channels are absent or present in very small numbers. 

Age-dependent changes in inward current were also recorded from rat colonic 
myocytes from 1-820 days old (33). At a holding potential of -100 mV two 
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components of the current were observed. The T-type component activated 
at about —60 mV, had a half-life of inactivation of < 100 ms, was resistant to 
nifedipine (2-10 fiM) and cadmium (20 fiM), and was blocked by nickel (30 
^M). The L-type component activated at about —40 mV, had a half-life of inac- 
tivation of 200 ms, was blocked by nifedipine and cadmium, but not by nickel. 
The L-type Ca 2+ channel current was present in all cells of all ages studied. In 
contrast to the findings in the rat ileum, the T-type Ca 2+ channel current was 
not present in newborn rats (1 day), was present in 50% of cells at day 30 and 
in 70% of cells at day 480. The current density for the T-type Ca 2+ channel 
increased until day 30 where it remained stable, whereas the current density for 
the L-type Ca 2+ channel increased until day 30 but declined after day 120. 

In canine colon (6, 34) and in human and canine jejunum (7), only L-type 
Ca 2 + channels were identified. The T-type Ca 2+ channel current is voltage sen- 
sitive and inactivates at depolarized voltages. In the jejunum a holding voltage 
of -70 mV was used, whereas in the rat colon a holding voltage of — 100 mV 
was used. In the canine colon two single channel conductances were identified; 
one had a conductance of «12 pS, which would be similar to that reported for 
other T-type Ca 2+ channels. However, the channel was blocked by nifedipine 
(10 fiM), did not exhibit rapid steady-state inactivation at depolarized voltages, 
and had long open times, which suggested it was not a T-type channel. The 
presence of T-type Ca 2+ channels in gastrointestinal myocytes in species other, 
than rat, Bufo marinus, and guinea pig therefore remains to be established. 
Regulatory pathways affecting T-type Ca 2+ channels have not been studied in 
gastrointestinal myocytes. 

Of interest, a non L-type, non T-type Ca 2+ channel was recently identified in 
mouse duodenal myocytes (35). The whole-cell Ca 2+ current was blocked 
by mapacalcine, a toxin derived from the marine sponge Cliona vastifica. 
Mapacalcine had no effect on T-type Ca 2+ channels in portal vein myocytes 
and did not interact with the dihydropyridine receptor, suggesting a new Ca 2+ 
current was identified. The occurrence of this current in other species remains 
to be identified. 

RUNDOWN In cells where rundown of T-type Ca 2+ channel current has been 
studied, little rundown has been observed (1). 

CHLORIDE/ANION CHANNELS 
Introduction 

Anion channels are often referred to as CI - channels, although most are also 
permeable to other anions such as Br~ and I"" and often also variably perme- 
able to larger anions. In the following section the term Cl~ channel is used 
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interchangeably with anion channel Under recording conditions that are close 
to physiological ionic conditions, opening CI" channels usually results in move- 
ment of Cl~ out of the cell and results in membrane depolarization toward the 
equilibrium potential for CI". If the membrane potential is depolarized beyond 
CI" equilibrium potential, as can occur during a contraction, then opening of 
Cl~ channels results in Cl~ influx and membrane hyperpolarization. As the 
equilibrium potential for CI" is not far from the cell membrane potential, open- 
ing of CI" channels generally does not lead to large changes in membrane 
potential. 

Channel Classification an(J Structure 

Chloride channels can be classified, based on their mechanism of activation, 
into voltage-gated Cl~ channels, Ca 2 +-activated CI" channels, ligand-gated CI" 
channels, mechanosensitive CI" channels, G protein-regulated CI" channels, 
and volume-gated CI" channels. Also in this classification is the cystic fibro- 
sis transmembrane conductance regulator (CFTR) channel, which is a cyclic 
AMP-activated CI" channel. Considerable overlap exists between the groups 
as^ for example, Ca 2+ activated channel CI" channels are usually also voltage 
regulated, and volume-regulated Cl~ channels are often also regulated by mes- 
sengers and voltage. An alternative classification is one based on structure of 
cloned Cl~ channels (adapted from 36). There are four broad classes of CI" 
channels: (a) ligand-gated anion channels, such as the glycine receptor and the 
GABA A receptor, which are assembled as pentamers with each monomer hav- 
ing 4 transmembrane spans; (b) CLC CI" channels, which include voltage-gated 
CI" channels, as well as volume-activated channel CI" channels such as CLC-2 
and the recently cloned CLC-3, thought to represent a ubiquitous volume reg- 
ulated CI" channel (50); channels in this family have about 12 transmembrane 
spans; (c) The CFTR channel, which is a cyclic AMP-activated channel highly 
selective for CI", and whose mutations lead to cystic fibrosis; this channel has 
12 putative transmembrane spans and m^y also function as an ion channel reg- 
ulator; (d) Ca 2+ -activated Cl~ channels, although controversy still exists on 
whether truly Ca 2+ -activated Cl~ channels have been cloned. Other cloned 
proteins such as pl^ have been claimed to function as CI" channels but be- 
cause controversy exists on their function and they have not been identified in 
gastrointestinal myocytes, they are not be dealt here. 

Ca 2 +-ACTIVATED CI" CHANNELS 
Single Channel Conductance 

Application of neurokinin (NK) agonists resulted in Ca 2+ oscillations and 
activation of CI" channels in on-cell patches of rabbit longitudinal colonic 
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myocytes. The CI channel conductance was not stated, but based on a figure 
in Reference 37, it appears to be »20 pS. 

Whole-Cell Current Kinetics and Regulation 

In gastrointestinal myocytes, Ca 2+ -activated Ci~ channels were first described 
by Byrne & Large in rat anococcygeus muscle (39). Application of the Ca 2+ 
ionophore A23 187(1 fiM) or caffeine (10 mM) resulted in an increase in CI" 
whole-cell current. 

Carbachol stimulates a CI" channel in rat small intestinal smooth muscle 
cells. The increase in Cl~ conductance was accompanied by a rise in intra- 
cellular Ca 2+ and blocked by intracellular heparin but not by EGTA (2 mM), 
suggesting it was, in part, regulated by Ca 2+ released from InsP 3 -sensitive stores 
(40). A second CI"" conductance was also activated by caffeine (10 mM) but was 
abolished by intracellular EGTA (2 mM) and extracellular ryanodine (20-50 
/xM), suggesting that it was regulated by ryanodine-sensitive Ca 2+ stores (41). 

A Ca 2+ -activated CI"" current was also described in rabbit esophageal mus- 
cularis mucosae myocytes (42). In whole-cell recordings (Cs + in the pipette to 
block K + currents), depolarization evoked inward Ca 2+ currents and an outward 
current. The outward current was inhibited when the pipette containedliGTA or 
the bath contained Ba 2+ , suggesting Ca 2+ dependence. The reversal potential of 
the outward current changed in accordance to the equilibrium potential for CI", 
and the whole-cell current was blocked by niflumic acid (10 fiM), suggesting it 
was carried by CI". Increase in intracellular Ca 2+ activates a CI" conductance 
in opossum esophageal circular myocytes (43). Caffeine (10 mM) and carba- 
chol (10 fxM) contracted the myocytes and activated a whole-cell current that 
was predominantly carried by CI". Ionomycin (10 fiM) activated both the CI" 
current and a nonselective cation current. As the inhibitory junction potential in 
opossum esophageal circular smooth muscle is Cl~ dependent (44), it appears 
that CI" channels have an important role in esophageal electrophysiology of 
the opossum. 

In canine jejunal circular smooth muscle cells (45), increases of intracellular 
Ca 2+ by cyclopiazonic acid or thapsigargin activated a Cl~ conductance. Ac- 
tivation of the CI" conductance was prevented by Bapta (10 mM), suggesting 
the presence of a Ca 2+ -activated Cl~ conductance. 

VOLTAGE- AND SECOND MESSENGER-REGULATED 
CI" CHANNELS 

Single Channel Conductance 

A 300 pS CI" channel (140 mM CI" pipette, 126 mM CI" bath) was iden- 
tified in rabbit colon longitudinal myocytes (46,47). The CI" channel was 
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voltage dependent with a bell-shaped voltage activation curve. Maximal open 
probability was at —5 to +20 mV. Several subconductance states were observed, 
with a smallest subconductance state of 15 pS. The channel was not activated 
by Ca 2 + (up to 1 mM) and was blocked by DIDS and NPPB. In inside-out 
patches, GTP-y S (nonhydrolyzable GTP analog) activated the channel within 
30 sec and the inhibitor of G-protein activation, GDP-/?S, reversibly inhibited 
channel activity. G protein-activation of the 300 pS Cl~ channel appeared to be 
via a pertussis toxin-sensitive G protein. The CI" channel was also activated 
by the NK- 1 receptor agonist substance P methylester but not by protein kinase 
A or C. 

Whole-Cell Current Kinetics and Regulation 

The Ca 2+ -activated Cl~ channels from rat anococcygues muscle (39) were also 
activated by noradrenaline (applied by ionophoresis) and by voltage. Norad- 
renaline activated a whole-cell current that was blocked by phentolamine. 

A Ca 2+ -activated CI" channel was also found in opossum esophageal circular 
smooth muscle cells (43). This CI" current was also activated by carbachol 
(10 jjM), most likely through a rise in intracellular Ca 2+ . Carbachol regulation 
of Cl~ currents may play a role in esophageal contractile activity, as explained 
above. 

VOLUME-REGULATED Cr CHANNELS 
Single Channel Conductance 

Single channel conductances have not been reported for gastrointestinal volume- 
regulated (activated) CI" channels. 

Whole-Cell Current Kinetics and Regulation 

Volume-activated anion channels are found in most, if not all, mammalian 
and nonmammalian cell types. The channels are thought to contribute to cell- 
volume regulation and may also play a role in setting the membrane potential 
(48), as they are often active under baseline conditions. Volume-activated Cl~ 
channels also participate in intracellular pH regulation, epithelial CI" transport 
and fluid secretion, exocytosis, transmembrane transport of organic osmolytes 
(including amino acids), and cell proliferation. 

In guinea pig gastric antral myocytes (49), osmotic cell swelling resulted 
in activation of a volume-activated anion current sensitive to DIDS (100 jjM) 
and niflumic acid (10 fjM), Arachidonic acid (25 /xM) also inhibited the cur- 
rent. Use of indomethacin (25 /xM) and chelerythrine (1 /iM), cyclooxyge- 
nase, and protein kinase C (PKC) inhibitors, respectively, did not influence the 
volume-activated anion current or the effects of arachidonic acid. The anion 



ION CHANNELS IN GUT SMOOTH MUSCLE 59 



permeability sequence for the anion current was I" > Br~ > Cl~ > gluconate. 
The current-voltage relationship showed outward rectification. The proper- 
ties of this current are similar to those of a volume-regulated anion current 
attributable to C1C-3, a Cl~ channel recently cloned from guinea pig heart 
(50). However, unlike C1C-3, the volume-activated anion current in guinea pig 
antrum was not inhibited by PKC. 

A volume-activated anion current was recently described in human and ca- 
nine jejunal circular smooth muscle (51, 52). In both human and canine my- 
ocytes, the current was activated by osmotic cell swelling (212 mOSM). The 
volume-activated Cl~ current was not blocked by DIDS, 9- AC, ketoconazole, or 
tamoxifen (100 /xM for all), nor was it inhibited by PKC activation (500 nM). 
The anion selectivity of the volume-activated current was I > Br > CI >, F. 
The data suggest the presence of a volume-activated CI" current in human and 
canine jejunal circular smooth muscle cells with properties different from those 
of CLC-3 and the guinea pig gastric myocyte volume-activated anion current, 
suggesting that these currents are carried by a different Cl~ channel. 

NONSELECTIVE CATION CHANNELS 
Introduction 

Nonselective cation (NSC) channels are ion channels that are equally permeable 
to Na + and K + and thus have a reversal potential near 0 rriV. Under physiological 
ionic gradients, opening of NSC channels results predominantly in Na+ influx 
and membrane depolarization^ 

Channel Classification 

NSC channels were the first channels to be described. In 1951, Fatt & Katz 
described a large nonselective increase of ion permeability induced by ACh at 
the muscle end plate (53). NSC channels encompass a large group of channels, 
ranging from the nicotinic ACh receptor to gap junctions. The group includes 
ligand-gated NSC channels, mechanosensitive NSC channels, the cGMP-gated 
NSC channel involved in olfactory and visual signal transduction, bacterial 
porins, and gap junction NSC channels, Ca + -regulated NSC channels, ATP- 
gatedNSC channels, and receptor-regulated NSC channels. In gastrointestinal 
myocytes, only receptor and Ca 2+ -regulated NSC channels have been described, 
and this section is limited to these groups. The term NSC channel is used 
interchangeably with receptor and Ca 2+ -regulated NSC channels. 

Channel Structure 

NSC channels that express currents similar to those found in gastrointestinal 
myocytes have not been cloned yet. The structure of the nicotinic ACh receptor, 
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a NSC channel, is well understood; however, it is not known if nicotinic ACh 
receptors are found in gastrointestinal myocytes. 

Single Channel Conductance 

Inoue et al (54) determined the conductance of an ACh-activated NSC channel 
from guinea pig ileal longitudinal myocyte on-cell patches. The channel con- 
ductance was 20-25 pS, with a Na + /K + permeability ratio of 1 /0.3-0.4. The 
channel was voltage dependent with a bell-shaped current- voltage relationship. 
Similar experiments were performed on canine gastric pyloric myocytes (55). 
ACh (10 fiM) activated a NSC channel with a unitary conductance of 30 pS. 

In cultured guinea pig ileum longitudinal smooth muscle cells, a 12 pS NSC 
channel was identified (inside-out patches, 150 mM KC1 in pipette and bath). 
The channel was voltage dependent with half-maximal activation at ~7 ms 
and a 60 mV change required to increase P 0 e-fold. The permeability ratios 
(Px/Pk) for Na+ Ca 2+ , and Li+ were 1 , 0.86, and 1 . 1 7, respectively. The NSC 
channel was insensitive to Ca 2+ (1 mM) and was blocked by Cs + and Ba 2+ . 
Angiotensin II (100 nM) increased P 0 , an effect blocked by the angiotensin II 
antagonist Sar^Leu^Ang II (200 nM) (56). 

An 80 pS NSC channel was identified from Bufo marinus gastric myocytes 
(on-cell patches 120 NaCl bath, 1 30 CsCl pipette). The channel was insensitive 
to voltage from —60 to +60 mV, activated by caffeine, and permeable to Ca 2+ 
in the presence of extracellular Na + (56a). 

Whole-Cell Current Kinetics and Regulation 

Two types of whole-cell NSC currents have been described in the gastrointest- 
inal tract. One is a baseline current that is present under unstimulated conditions, 
and the other is a NSC current induced by activation of muscarinic receptors. 
The currents are similar and may represent degrees of activation of the same 
channels. There may, however, be more than one type of NSC current in 
myocytes. In canine pyloric myocytes (55), ACh-activated a NSC current that 
was more noisy than the baseline current and was blocked by Cs + , which is 
usually permeable through NSC currents. Pit/PNa of the ACh-activated current 
was 1.7. The data suggest that ACh-activated a second NSC current. 

Two currents carried by external Na + (presumably NSC currents) were 
recorded from longitudinal myocytes of guinea pig ileum (57). One current 
was activated by ACh (10 /xM) and relaxed to a steady state within 200 ms of 
activation. The other was activated by substance P (SP), did not relax over a 
longer time period, and increased in size with hyperpolarization. The difference 
in inactivation time constants, voltage dependence, and differential response to 
SP and ACh led the authors to suggest the presence of two separate currents. 
Also, in canine colonic myocytes, substance P and neurokinin A, on the one 
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hand, and Ach, on the other hand, activated NSC currents with different I-V 
relationships (58). 

A NSC current in gastrointestinal myocytes was first described by Benham 
et al in 1985 in rabbit jejunal longitudinal myocytes (59). The current- voltage 
relationship obtained from the whole-cell NSC current was U shaped, with an 
increase in inward current at about —40 to —30 mV and then a decrease in 
current as the current direction changes to an outward direction at about 0 mV, 
The U-shaped current- voltage relationship may reflect a voltage dependence 
of the open probability combined with a change in driving force, with a larger 
driving force at —30 mV compared with no driving force at 0 m V. It may 
also be due to Ca 2+ effects. However, nifedipine did not affect the shape of 
the current-voltage relationship, which supports the former explanation (60). 
Steady-state activation curves were obtained for longitudinal myocytes from 
guinea pig ileum (61). The ACh-activated NSC current had a half-maximal 
activation voltage of —58 mV. 

BLOCKERS Chen et al (62) determined the effects of numerous ion-channel 
blockers on NSC current from longitudinal myocytes of guinea pig ileum. Ce- 
sium aspartate was used in the internal solution to inhibit K + currents, and ACh 
(10 /xM) was used to stimulate the NSC current. The K + channel blockers, 
TEA (10 mM), procaine (5 mM), 4-AP (5 mM), and quinine (10 fiM), inhib- 
ited the current by ^45, 90, 75, and 90%, respectively (at a holding potential of 
—50 mV). Caffeine (10 mM), known to release Ca 2+ from intracellular stores, 
inhibited the current by 45%, most likely through a direct effect on the NSC 
channel. The Ca 2+ -activated NSC channel blockers, flufenamic acid, niflu- 
mic acid, and DCDPC, blocked the NSC current with ^IC 50 s of 32, 100, and 
30 /xM. These results point to the need for care in interpreting pharmacological 
experiments on whole-cell currents made up of a mixture of channel types, as 
the blockers may not be specific. Similar results were obtained by Kim et al 
(63). In this study, quinidine, 4-AP, and TEA inhibited NSC current in guinea 
pig gastric myocytes. The IC 50 s for 4-AP and TEA were 3.3 and 4.1 mM, 
respectively. Quinidine at 2 /xM appeared to be a somewhat specific blocker 
for the carbachol-induced NSC current, blocking ^1 1% of inward Ca 2+ cur- 
rent, ^15% of the voltage-dependent K + current (at 30 mV), and ^1 1% of the 
Ca 2+ -activated K + current (at 45 mV) compared with near-complete block of 
the carbachol-induced NSC current. 

CALCIUM The NSC current recorded from several regions of the gastrointesti- 
nal tract is Ca 2+ regulated but not directly Ca 2+ activated. The ACh-activated 
NSC is sensitive to internal Ca 2+ , although the NSC current itself does not 
appear to be directly activated by a rise in intracellular Ca 2+ . An increase 
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in intracellular Ca 2+ to ^1 fiM in most gastrointestinal myocytes does not 
markedly alter the size of the NSC (64), but the response to ACh is markedly 
enhanced by a rise in intracellular Ca 2 " 1 ". In voltage-clamp experiments where 
depolarization was used to elicit Ca 2+ entry through Ca 2+ channels, the effects 
of ACh on the NSC current were enhanced (65, 66). This enhancement was 
blocked by L-type Ca 2 + channel blockers such as nifedipine and nitrendip- 
ine (65) and by replacing extracellular Ca 2+ with Ba 2+ or Sr 2 "*", suggesting it 
was specifically due to Ca 2+ entry from L-type Ca 2+ channels. Release of 
Ca 2+ from intracellular stores may also be involved in the enhancement of the 
ACh-activated NSC current by Ga 2+ . If caffeine or ryanodine is used to deplete 
intracellular Ca 2+ stores, the effects of ACh on the NSC current are blunted 
(65,67). Use of heparin to block IP 3 release of Ca 2+ from intracellular stores 
markedly reduces the rise in intracellular Ca 2+ evoked by ACh (66). As a rise 
in intracellular Ca 2+ is not sufficient to activate the NSC in most preparations, 
it appears that either ACh binding to its receptor or activation of a G protein is 
necessary before Ca 2+ can activate the NSC. 

ACH AND G PROTEINS The effects of muscarinic stimulation have been exten- 
sively studied in gastrointestinal smooth muscle. At a channel level, muscarinic 
stimulation has been shown to modulate Ca 2+ channels (see above), K + chan- 
nels (see below), and NSC channels. The effects of ACh on a NSC current were 
first reported (59) in rabbit jejunal myocytes. The effects of ACh on the NSC 
current appear to be mediated by pertussis toxin-sensitive G proteins. Inoue 
& Isenberg in 1990 (64) examined the effect of G-protein activation on guinea 
pig ileal longitudinal myocytes. A K + -free pipette solution was used to iso- 
late the NSC current and cells were clamped at -50 mV. GTP-yS (100 /xM) 
activated the inward current, and ACh (300 fiM), applied after GTP-yS, was 
without effect. Also, GDP-0S, an inhibitor of G-protein activation, inhibited 
the effects of ACh on the NSC current. These results suggest that the effects of 
ACh are mediated by a G protein. The NSC current was blocked by pertussis 
toxin. Similar results were obtained by Komori et al (68), who also showed 
that histamine activated the NSC current by the same pertussis toxin-sensitive 
G-protein mechanism. Activation of a NSC current by ACh has now been 
reported for rabbit jejunal myocytes (59); guinea pig myocytes (69); canine py- 
loric, jejunal, and colonic myocytes (24, 55,67, 70); Bufo marinus myocytes; 
opossum esophageal myocytes (43); and mouse anococcygeus myocytes (72). 
The carbachol-activated NSC current in guinea pig myocytes was inhibited by 
activation ofPKC(73). 

pH The ACh-activated NSC current in longitudinal myocytes from guinea pig 
ileum is pH sensitive (61). Acidification of the extracellular solution to a pH 
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of 6.0 doubled the ACh-activated NSC current, and alkalization to a pH of 7.75 
halved the ACh-activated NSC current. The effects of pH were secondary to 
an increase in H + conductance because no effect of pH change was seen in the 
absence of ACh or to changes in intracellular [Ca 2+ ]; the same effects were 
observed with 20 mM BAPTA in the pipette. These results suggest a direct 
modulation of the NSC current by H + . The effects of pH on the ACh-activated 
NSC current could be described with a Hill-type equation with an apparent pIC* 
of 7.4 and a Hill coefficient of.^1. Acidification shifted the peak of the inward 
current- voltage relationship to the left, and steady-state activation shifted from a 
half-maximal activation voltage of —58 mV at pH 7.4 to —68 mV at a pH of 7.0. 

POTASSIUM CHANNELS 
Introduction 

Most excitable cells, including gastrointestinal smooth muscle cells, express 
several types of K + channels, with the most common being delayed rectifier 
and Ca 2+ -activated types. Other K + channel types include A-type, inward 
rectifier, and ATP-sensitive channels. Given the large diversity of K + channels, 
even within their subgroups, each type of K + channel is discussed separately. 

DELAYED RECTIFIER K+ CHANNELS 
Introduction 

Delayed rectifier K + channels have been found in all smooth muscles studied. 
The term delayed rectifier was coined to describe a K + channel that opens after 
a brief delay in response to a depolarization, and it is now loosely applied to K + 
channels that are not Ca 2+ activated, do not inactivate rapidly, and do not show 
inward rectification regardless of whether there is a delay in activation. Many 
delayed rectifiers K + channels are open at the resting membrane potential of 
gastrointestinal smooth muscle and hence contribute to setting the membrane 
potential. Opening of a delayed rectifier K+ channel would pull the membrane 
potential toward E K , usually ^—80 mV. The membrane potential of gastroin- 
testinal smooth muscle cells is usually positive to E K . The membrane potential 
is therefore set by the combination of K + channels and other channels open at 
the resting membrane potential, such as chloride and NSC channels. 

Channel Classification 

The first K + channel to be sequenced was the A-type K + channel from 
Drosophila. The shaker locus on the X chromosome encodes for a gene whose 
cDNA clones resulted in expression of functional A-type K + channels, the 
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shaker K+ channel. Probes from the shaker locus were then used to identify re- 
lated K+ channels, called shaU shab, and show. In the progression from shaker 
to show, inactivation lengthens and the channels become more like delayed 
rectifier channels. A myriad of delayed rectifier K + channels have now been 
cloned, as well as subunits that do not express a functional K + channel on their 
own but modify the behavior of other K + channels. Delayed rectifier K + chan- 
nels are now classified by their gene family into nine families of or-subunits, 
K v l-K v 9, as well as K V LQT1. Additional families are likely to be expressed 
in the future. K v l-Kv4 and K v 7 are electrically active; K v 5, 6, 8, and 9 are 
electrically silent but when combined with the electrically active subunits al- 
ter their electrical behavior. Also in the current classification are ^-subunits 
K v /M, K v /?-2, and K v /J-4, which are cytoplasmic subunits with little homol- 
ogy with a-subunits but modify their behavior. The current classification is 
maintained at http://qlink.queensu.ca/~4jch3/Kchseq.htm. In gastrointestinal 
smooth muscle, cK v 1.2 and cK v 1.5 have been cloned from canine gastroin- 
testinal myocytes (74, 75). cK v 1.2 had a single channel conductance of 14 pS 
(symmetrical 140mMK+). The macroscopic current resulting from expression 
of cK v l .2 increased with voltages positive to —40 mV. The current had a fast 
activation time (time to half-peak = 1A ms), exhibited slow and incomplete 
inactivation, was blocked by 4-AP (IC 50 of 75 /xM), and was resistant to TEA 
(11% block by 10 mM). Based on its electrophysiological and pharmacolog- 
ical characteristics, cK v 1.2 was thought to be most closely similar to I dK ^ in 
the native colonic circular smooth muscle whole-cell current (see below). The 
single channel conductance (symmetrical 140 mM K + ) of cK v 1.5 was 10 pS. 
Like cKyl.2, the macroscopic current resulting from expression of cK v 1.5 in- 
creased with voltages positive to —40 mV. The current had a fast activation 
time (time to half-peak = 5.5 ms), exhibited slow and incomplete inactivation, 
was blocked by 4-AP (IC 50 of 21 1 fiM), and was resistant to TEA (less than a 
10% block by 10 mM). Based on the electrophysiological and pharmacological 
characteristics, cK v 1 .5 closely resembled cK v 1 .2, suggesting that 1^^ is made 
up of more than one channel type or that the native current is made up of K v l .2 
and cK v 1 .5 heterotetramers (76). 

Channel Structure 

Delayed rectifier K + channels are made up of at least four identical a-subunits. 
Each subunit has six membrane spanning regions, ar-subunits need to be ex- 
pressed together or with ^-subunits to approximate native delayed rectifier 
current. 

Single Channel Conductance 

Several different single channel conductances have been reported for different 
delayed rectifier channels. In gastric myocytes from Rana pipiens and Bufo 
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marinus, two channels were identified with conductances of 1 5 and 40 pS. The 
40 pS channel was blocked by quinidine (100 /xM) and the 15 pS channel by 
TEA, but not by quinidine (77). Also in Bufo marinus gastric myocytes, a 
20 pS channel was characterized that was responsive to stretch and fatty acids, 
suggesting it was a stretch-activated K + channel (78). 

In rabbit longitudinal jejunal myocytes, a 50 pS (internal K + = 5.9 mM, 
external K + = 126 mM) delayed rectifier K + channel was identified. The 
channel was insensitive to Ca 2+ and blocked by cytoplasmic TEA (5-10 mM). 
Mean open time was 16.4 ms and mean closed time within a burst was 6.4 ms. 
As activation times were slow and open probability began to increase around 
—45 mV, it is likely that this channel type does not contribute significantly to the 
membrane potential, and action potentials can occur without activation of this 
channel type (79). In the small intestine, a 186 pS K+ channel was identified in 
neonatal mouse myocytes from an explant Channel activity was not affected 
by buffering Ca 2+ with EGTA, was not blocked by intracellular ATP, and single 
channel gating was inhibited by 4-AP (100 fiM). Also, the ensemble current 
turned on after a brief delay, leading the authors to suggest that it was a delayed 
rectifier K + channel. 

In colonic circular myocytes, 19- and 90-pS channels (symmetrical 140 mM 
K + ) were identified that had delayed-rectifier properties (80). The 19-pS chan- 
nel was inhibited by 4-AP ( 1 0 mM), TEA ( 1 0 mM), and was not Ca 2+ dependent. 
Most channel openings were clustered at the beginning of depolarizing pulses, 
suggesting substantial inactivation. Inactivation was, however, never complete, 
with channel openings still resolvable at steady state depolarized voltages. The 
90-pS channel was variably sensitive to 4-AP, TEA, and Ca 2+ , suggesting a 
class rather than a single channel type. Protein kinase A activated both channel 
types, but at —60 mV (a physiological membrane potential), only the 19-pS 
channel was activated. VIP (100 nM) activated the 19-pS channel increasing 
open probability, mean open time, and mean burst duration (18). Also, in ca- 
nine colonic myocytes there is 4-pS K + activated by nitric oxide but not by 
voltage, suggesting it may not be a delayed rectifier K + channel (82). 

Whole-Cell Current Kinetics and Regulation 

Whole-cell delayed rectifier current kinetics were studied in human and canine 
jejunal circular smooth muscle cells at 24°C. In both, activation was not voltage 
dependent (83, 84). Activation time was 90 ± 25 ms and 80 ± 25 ms, respec- 
tively. Deactivation was weakly voltage dependent, with a r of 10 ± 3 ms at 
— 140 mV and 40 ± 32 ms at —60 mV for canine myocytes and a r of 13 db 4 ms 
at —80 mV and 22 ± 1 1 ms at —40 mV for human myocytes. The current was 
not dependent on holding voltage (10% decrease in current at 0 mV compared 
with —60 mV). Less than 15% inactivation was noted over 2 s. The open 
probability of the delayed rectifier K + channels contributing to the whole-cell 
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Figure 2 Open probability of the delayed rectifier channels carrying the whole-cell current Nor- 
malized tail currents were obtained from tail currents (inset) of canine jejunal circular smooth 
muscle cells with 150 KC1 in the bath. Open probability began to increase at -60 mV (83). 

current was determined from tail current protocols generated in 150 mM KC1 
(Figure 2). The open probability of the canine delayed rectifier current began 
to increase at about —60 mV and reached unitary open probability at 0 mV. The 
human delayed rectifier current began to increase at about —70 mV and reached 
unitary open probability at 10 mV. Therefore the currents would be expected 
to contribute to the membrane potential of human and canine jejunal circular 
smooth muscle myocytes. In human myocytes, quinidine (100 fiM) blocked 
a substantial portion of the whole-cell current and depolarized the membrane 
potential to near 0 mV, again suggesting that the whole-cell delayed rectifier 
K + current is a major determinant of the membrane potential 

The whole-cell delayed rectifier current in canine colonic circular myocytes 
included three components discernible by their TEA and 4-AP sensitivities (85). 
Time to half-maximal activation of the control current was 26 ±4 ms. TEA 
(10 mM) blocked 50% of the outward current and the time to half-maximal 
activation of the residual current was 17 db 2 ms. In contrast, 4-AP blocked 
35% of the outward current and the time to half-maximal activation of the 
residual current was 40 ± 8 ms, suggesting that 4-AP blocked a fast activation 
component of the whole-cell delayed rectifier current (IdK(f)) TEA a slow- 
activating component (I dK ( S ))- 4-AP block was use dependent but not frequency 
or voltage dependent, suggesting that the slowing of activation times by 4-AP 
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was not the result of a state-dependent block but rather block of a component of 
the whole-cell current. The third component of the whole-cell delayed rectifier 
current was revealed by block with TEA ( 1 0 mM) in the pipette. In the absence 
of TEA, the current inactivated by only 10% during a 20 s pulse to —50 mV 
and in the presence of intracellular TEA by 80%, suggesting the presence of a 
low inactivation threshold current (I^n))- This current was insensitive to 4-AP 
and sensitive to external TEA. 

PHOSPHORYLATION The delayed rectifier current in guinea pig taenia coli my- 
ocytes was activated by phosphorylation (86). The membrane permeant form of 
cAMP, dibutyryl cAMP, increased the K + current, and H-8 (a protein kinase A 
inhibitor) inhibited the effect of dibutyryl cAMP. Calyculin A also increased out- 
ward K + current, suggesting that the delayed rectifier type current is regulated 
by protein kinase A-mediated phosphorylation. At the single channel level, 
the 20 and 90 pS delayed rectifier channels identified in colonic myocytes were 
also activated by protein kinase A. Application of the catalytic subunit of protein 
kinase A (10 U/ml) to inside-out patches activated both channels (80). 

VIP In canine colon circular smooth muscle cells, VIP increased a charybdo- 
toxin (ChTX)-insensitive, voltage-dependent K+ current (81). VIP is known 
to relax gastrointestinal smooth muscle and is an inhibitory neurotransmitter 
found in enteric nerves. At a single channel level, VIP activated a 20 pS 4-AP- 
sensitive K+ channel, suggesting that the delayed rectifier 20 pS channel may 
underlie the effects of VIP in colonic smooth muscle. 

FENAMATES AND FLUOXETINE The delayed rectifier current characterized 
(83, 84) in human and canine jejunal circular smooth muscle cells is sensitive 
to fenamates, which are nonsteroidal antiinflammatory drugs in clinical use. 
Use of these drugs is associated with gastrointestinal motility disturbances in 
up to a third of patients. Flufenamic acid and mefenamic acid, both fenamates, 
activated the delayed rectifier current at concentrations equivalent to therapeu- 
tic blood levels. Similarly, fluoxetine, a commonly prescribed antidepressant 
(Prozac®), and its metabolite norfluoxetine had profound effects on the delayed 
rectifier current in both human and canine jejunal circular smooth muscle cells 
(129). Fluoxetine inhibited the current at concentrations equivalent to thera- 
peutic blood levels and at higher concentrations stimulated a Ca 2+ -activated 
ChTX sensitive current by increasing intracellular Ca 2+ levels. 

LOW-MOLECULAR-WEIGHT OXIDES Low-molecular-weight oxides regulate 
colonic and jejunal myocyte delayed rectifier current. In colonic circular my- 
ocytes, nitric oxide (NO) and sodium nitroprusside activate an 80 pS delayed 
rectifier channel (82). As the effects of nitric oxide are often mediated through 
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activation of cGMP-dependent protein kinase, the effects of the membrane- 
permeant form of cGMP, dibutyryl cGMP, were tested on the channel. 
Dibutyryl cGMP increased P 0 in cell-attached patches. However, in inside-out 
patches, NO still increased the open probability of the 80 pS channel, raising 
the possibility of a direct action on the channel. As patches may contain cy- 
toplasmic components, an indirect effect of NO cannot be ruled out. NO also 
activated two other K + channels, a voltage-insensitive %4-pS channel and a 
Ca 2+ -activated 250-pS channel NO may therefore contribute to several phases 
of the inhibitory response in the gastrointestinal tract. At the resting membrane 
potential, the 4 pS and 80 pS channels may be modulated by NO released from 
enteric nerves, while under conditions where the muscle is depolarized or in- 
tracellular Ca 2+ is raised, such as at the peak of the slow wave, the 250 pS 
Ca 2+ -activated K + channel may be activated. 

Carbon monoxide (CO) is another low-molecular-oxide putative messenger 
in the gastrointestinal tract. Exogenous CO activates the delayed rectifier cur- 
rent in both human and canine jejunal circular smooth muscle cells, resulting 
in a cyclic oscillation in the membrane potential (87, 88). The enzyme that pro- 
duces CO, heme oxygenase, was found in a subpopulation of enteric neurons 
and interstitial cells of Cajal (89), raising the possibility that CO released from 
nerves and interstitial cells modulates smooth muscle delayed rectifier activity 
and membrane potential. 

A-TYPE K+ CHANNELS 
Introduction 

A fast-inactivating K + current was first described in molluscan neurons (90). 
Characteristic properties of this current include a steep holding voltage depen- 
dence, with near-complete inactivation at —50 mV, fast kinetics of activation 
and inactivation, and high sensitivity to block by 4-AP. In neurons, A-type K + 
currents are mostly inactivated at the resting membrane potential and activated 
during and after hyperpolarization to slow the rate of pacemaker depolarization, 
modulating the action potential frequency. The role of an A-type K + current in 
gastrointestinal smooth muscle is less clear. The A-type K + current in guinea 
pig colonic myocytes and esophageal myocytes is not completely inactivated 
at the resting membrane potential and may therefore contribute to the mem- 
brane potential, modulating the generation of action potentials by opposing the 
inward Ca 2+ current (91,92). 

Channel Classification 

A-type K+ channels are now classified by their gene family into the K v sub- 
families, with most falling into the K v l subfamily. K + channels with A-type 
characteristics have not yet been reported in gastrointestinal smooth muscle. 
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Channel Structure 

Recently, Doyle et al (93) used X-ray crystallography to determine the structure 
of KcsA, a K + channel from Streptomyces lividans. The pore region of KcsA 
is nearly identical to the Drosophila shaker K + channel as well as to other 
vertebrate voltage-gated K + channels. The channel is a tetramer with four 
identical units around a central pore. Each subunit had two transmembrane 
a-helices and the two a-helices are connected by the pore region (roughly 
30 amino acids). One a-helix of each subunit faces outward and one faces the 
central pore. The selectivity filter contains two ions 7.5 A apart and the attraction 
force between the selectivity filter is perfectly balanced, with repulsive forces 
between the two K + ions, allowing the channel to conduct with a high throughput 
and with high selectivity (93). 

Single Channel Conductance 

The only report of single channel recording from ion channels thought to carry 
an A-type K + current in gastrointestinal smooth muscle is from Vogalis & Lang 
(94). A channel with a conductance of 12-13 pS was recorded from on- 
cell patches of guinea pig colonic myocytes (K + in pipette = 1 30 mM, in bath 
6 mM). The channel was blocked by 4-AP (5 mM) but not by TEA (5 mM), and 
inactivated within 50 ms. The channel was seen only following step depolar- 
izations irom a hyperpolarized voltage. Its kinetic features closely resembled 
the whole-cell A-type current recorded from guinea pig colonic myocytes, sug- 
gesting it carried the whole-cell current (91). 

Although the cloned K + channels from canine colon, cK v 1.2 and cK v L5, 
fall in the shaker family of K+ channels, the expressed channels do not exhibit 
rapid inactivation and are not considered A-type K + channels. 

Whole-Cell Current Kinetics and Regulation 

The first description of an A-type K + current in gastrointestinal myocytes was 
from rat ileal myocytes (95). Two major currents were found in newborn and 
adult rat ileal myocytes: a delayed rectifier type current, and a fast-inactivating 
current labeled I fo . At a holding voltage of —80 mV, step depolarizations to 
—40 mV revealed an outward current that peaked within 10 ms and inactivated 
rapidly. Activation was voltage dependent, with a time to peak of 10.8 ± 0.9 
ms at —30 mV and 6.7 ± 1.2 ms at 20 mV. I fo decay was well fit with a single 
exponential, with a time constant of 17-33 ms. Recovery from inactivation 
was also well fit with a single exponential. Recovery from inactivation was 
voltage dependent, with a time constant of 28 ms at — 120 mV and 90 ms at 
-80 mV. Current kinetics were dependent on external [Ca 2+ ], with an increase 
in peak current and a 16-mV shift in the hyperpolarized direction when Ca 2+ 
was removed from the bath. I fo was weakly TEA sensitive and 4-AP sensitive. 
4-AP (I mM) blocked 40% of the outward current. 
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In rabbit esophageal muscularis mucosae myocytes, a transient outward K + 
current was recorded using the nystatin perforated patch technique (96). The 
transient K + inactivated over a period of about 50 ms. However, the current 
was Ca 2+ dependent and blocked by TEA (5 mM), suggesting it was not an 
A-type K + current. 

In esophageal circular myocytes (92) and in guinea pig colonic myocytes 
(9 1 ), overlap of steady-state activation and inactivation curves reveals a window 
current between —60 and — 30 mV, suggesting that the A-type K* current 
can contribute to electrophysiological events at voltages approximating the 
membrane potential. A-type K + currents have also been reported in guinea pig 
ileum, human jejunum, and rat distal colonic myocytes (97-99). 

In guinea pig colonic myocytes the A-type current is blocked by arachidonic 
acid (1-10 /zM). Block by arachidonic acid was not dependent on protein 
kinases, G proteins, or indomethacin. Arachidonic acid was the most potent, 
blocker of all fatty acids tested. As arachidonic acid had the most unsaturated 
double bonds (4) of the fatty acids tested, it was suggested that arachidonic acid 
blocked A-type K+ channels through a stereospecific mechanism (100). 

Ca 2+ - ACTIVATED K + CHANNELS 
Introduction 

Ca 2+ -activated K + channels are a diverse group of K + channels that share 
a common property: an increase in open probability as internal Ca 2+ rises. 
Three subgroups of Ca 2+ -activated K + channels can be identified based on their 
single channel conductance: large conductance (BK), intermediate conductance 
(IK^, and small conductance (SK^. 

BK may contribute to repolarization after an excitable event. ChTX has lit- 
tle effect on basal electrical or mechanical activity of gastrointestinal smooth 
muscle in most preparations, which suggests that, at rest, BK does not con- 
tribute significantly to mechanical activity or membrane potential. However, in 
a study of the effects of ChTX on guinea pig ileum, longitudinal muscle ChTX 
induced spike-like depolarizations, increased spontaneous activity, and inhib- 
ited nerve stimulation-evoked membrane hyperpoiarization, which suggests BK 
in this preparation was constitutively active (101). Also, when gastrointestinal 
smooth muscle strips are activated by ACh, ChTX increases electrical slow- 
wave duration and amplitude and increases contractile activity, suggesting that 
BK plays a role in the control of excitability of gastrointestinal smooth muscle 
to counter large unopposed effects of excitatory neurotransmitters. 

IKqj and SIQ^ may play central roles in the generation of inhibitory junc- 
tion potentials (IJPs). IJPs are membrane hyperpolarizations accompanied 
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by muscle relaxation evoked by inhibitory neurotransmitter release from en- 
teric nerves. Abnormalities in IJPs have been implicated in constipation and 
other gastrointestinal motility disorders. Recent evidence suggests that ATP- 
activated IK^ and SK^ are present in gastrointestinal smooth muscle cells and, 
based on their pharmacology, generate IJPs (102, 103). 

BK channels have a conductance of ^80-250 pS, are activated by micromolar 
concentrations of Ca 2+ , regulated by voltage, and blocked by ChTX. IK^ have 
a conductance of %40 pS, have higher sensitivity to Ca 2+ than BK, are voltage 
insensitive, and are blocked by apamin and millimolar concentrations of TEA. 
SKc a have a conductance of 5-10 pS, lrave a higher sensitivity to internal Ca 2+ 
than BK, are voltage insensitive, and are blocked by apamin but are resistant to 
millimolar TEA. 

Channel Structure 

BK is made up of a- and 0-subunits. Both have been cloned in canine colonic 
smooth muscle (cslo-ar and cslo-/* ) ( 1 04). The a-subunit has a M x of 62,000 and 
when expressed alone can conduct K + and is voltage and Ca 2+ sensitive. The 
/?-subunit has a M T of 22,000, and both NH 2 and COOH terminals are cyto- 
plasmic. The 0-subunit has a site for phosphorylation by protein kinase A. 
Expression of the /J-subunit alone does not lead to the appearance of a func- 
tional ion channel, but expression of both subunits together shifts the voltage 
dependence of activation by ^50 mV as well as increases Ca 2+ sensitivity. 

Single Channel Conductance 

BK channels in gastrointestinal smooth muscle have conductances varying from 
1 00 to 220 pS (reviewed in 105). Larger and smaller conductances have been re- 
ported in other cells. The slope conductance of the cloned BK channel composed 
of the a-subunit alone or of the a- and /J-subunits together was 207-215 pS at 
1 fiM free Ca 2+ . TEA (100-500 fjM) produced a characteristic flickery block 
and an apparent decrease in unitary current. ChTX and iberiotoxin completely 
blocked channel openings, features characteristic of BK. 

IK^ have been studied in murine ileal and colonic myocytes and SK^ in 
murine ileal myocytes. In the ileum, IK^ and SK^ were identified in cell- 
attached patches (bath K + = 2.5 mM, pipette K + 2.5 mM), with an external 
Ca 2 + concentration of 1 50 nM. The conductance of the IK^ was 39 pS and of 
the SK^ estimated at 10 pS. IK^ and SK^ were activated by the P2Y agonist 
2-MeSATP (20-50 /iM). SK^ was not blocked by 2 mM TEA in the pipette 
and IK^ was only partly blocked by apamin. In the colon, SK^ were recorded 
from inside-out patches. In symmetrical K + solutions (140 mM), the channel 
conductance at a bath [Ca 2+ ] 1 00 nM was 5 pS. The P 0 was increased by caffeine, 
ATP, 2-MeSATP (10 /xM), and UTP (1 mM). In inside-out patches, at 10 nM 
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external Ca 2+ little activity of SK^ was noted. Open probability increased as 
bath Ca 2+ concentration increased with a 50% effective concentration of Ca 2+ 
of 500 nM. The channel showed no voltage or time dependence. 

Whole-Cell Current Kinetics and Regulation of BK 
A signature of the whole-cell current produced by BK channels is noise. As the 
single channel conductance is large, the whole-cell current often appears to be 
noisy. Another feature of BK is fast deactivation on stepping to hyperpolarized 
voltages, giving rise to fast tail currents, with r of a few ms. 

CALCIUM DEPENDENCE BK channel activity is dependent on intracellular 
Ca 2+ concentration. In a study in excised patches from canine gastric my- 
ocytes (106), a change in Ca 2+ concentration from 100 nM to 1 /xM at the inner 
surface of the patch resulted in an a MOO mV negative shift in the voltage 
for half-maximal activation. At a holding voltage of 0 mV, activation had a 
Hill coefficient of 3.4, suggesting Ca 2+ cooperativity in the activation of the 
channel. In similar experiments carried out in canine colonic myocytes (107), 
a change of the Ca 2+ concentration from 100 nM to 1 fiM resulted in a 130-mV 
shift in the voltage for half-maximal activation. At +50 mV, activation had a 
Hill coefficient of 5.3, again suggesting high cooperativity in the activation of 
the colonic channel by Ca 2+ . 

Substance P (SP) activates BK in rabbit longitudinal colonic myocytes 
through an increase in intracellular [Ca 2+ ] (108). SP (10~ 12 M) activated a 
BK channel with a conductance of «*165,pS (pipette = 126 mM K + ) in on-cell 
patches and 198 pS in inside-out patches (pipette and bath K + = 126 mM). 
The P 0 increased tenfold when Ca 2+ was increased from 50 nM to 5 /xM, and 
TEA (10 mM) blocked the channel. Activation of BK by SP was dependent on 
extracellular Ca 2+ as nifedipine decreased the P c . 

Nitric oxide (NO) activates Ca 2+ -dependent K + currents in esophageal cir- 
cular myocytes as well as colonic myocytes. Sin-1 and sodium nitroprusside, 
NO donors, activated a whole-cell K + current, and activation was blocked by 
cyclopiazonic acid, a sarcoplasmic reticulum (SR) Ca 2+ -pump inhibitor. This 
suggests that activation depends on release of Ca 2+ from the SR (109). NO 
activates a 250 pS Ca 2+ -activated channel in on-cell patches from canine colon 
circular myocytes (82). 

VOLTAGE DEPENDENCE Activation of BK by voltage is intimately linked to 
Ca 2+ ; Ca 2+ may alter the voltage sensor, which alters the binding of Ca 2+ to 
BK. BK is strongly voltage dependent. At constant intracellular [Ca 2+ ], BK 
is activated by depolarization and closed by hyperpolarization. In experiments 
carried out on coexpressed a- and ^-subunits from canine colonic myocytes in 



ION CHANNELS IN GUT SMOOTH MUSCLE 



73 




Figure 3 BK (arrow), IKq, (*) and SK^ (♦) channels recorded from a cell-attached patch from 
mouse ileum (panel A). Apamin (0.5 pM, panel B) blocked SKq, but not BK or IK^ (102): 

inside-out patches, with a bath [Ca 2+ ] of 1 /zM, the macroscopic current began 
to activate at 0 mV and reached full open probability at « 100 mV (104). 

Whole-Cell Kinetics and Regulation o/IK Ca andSK Ca 
At a single channel level, IK^ and SK^ in murine ileal myocytes were found 
to be activated by ATP and blocked by apamin (Figure 3). These features were 
used to identify the whole-cell current correlate (102). The whole-cell current, 
recorded using the amphotericin perforated patch technique, was blocked by 
apamin and activated by ATP. It had an initial transient outward component 
and a sustained outward component. Apamin (0.5 fiM) blocked about 70% 
of the sustained current at +50 mV. ATP increased both the initial transient 
outward component and the sustained outward component of the whole-cell 
current and apamin blocked the increase in current evoked by ATP. The current- 
voltage relationship revealed initial outward currents at voltages positive to 
—50 mV. The current was dependent on intracellular [Ca 2+ ], In traditional 
whole-cell experiments, the initial transient outward current was not seen, and 
at 150 nM (but not at 85 nM internal Ca 2+ ) an apamin-sensitive current was 
present. Similar experiments were carried out in murine colonic myocytes 
(103). ATP (1 mM) activated a K + conductance with initial activation seen at 
about —80 mV and little or no voltage dependence. Similarly, the putative P2Y 
receptor agonist 2-MeSATP (100 fiM) and UDP (1 mM) activated a whole-cell 
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current with characteristics similar to that activated by ATP. Apamin (300 nM) 
blocked about 44% of the current stimulated by ATP. 

ATP-SENSITIVE AND INWARDLY RECTIFYING 
POTASSIUM CHANNELS 

Introduction 

In this family there are two main types of K + channels: ATP-sensitive (K ATP ) 
and inward rectifier (K m ). K IR channels have not been found in gastrointesti- 
nal smooth muscle, and it is unclear whether K ATP channels are expressed in 
gastrointestinal smooth muscle cells. However, as K AXP channel modulators 
do have effects on ionic currents in these cells, this review focuses on K ATP 
channels, K ATP channels show weak inward rectification and are sensitive to 
ATP. A decrease in intracellular ATP, such as would occur with metabolic in- 
hibition or hypoxia, activates K ATP channels and an increase in ATP closes 
them. K ATP channels link K + flux across a cell membrane to the metabolic state 
of the cells. Characteristic features of K ATP channels are that they are inhib- 
ited by sulfonylureas such as giibenclamide and tolbutamide and activated by 
cromakalim, minoxidil, pinacidil, and diazoxide (reviewed in 1 10). 

Channel Classification 

K ATP and K IR channels have similar structures and are classified into K IR 1 to 
K IR 6 subfamilies. Inward rectifier K + channels fall into K IR 1 to K IR 3 (K^). 
K IR 4 are ATP-dependent K + channels and K IR 6 ATP-sensitive K + channels 
(K A tp)- 

Channel Structure 

Both K ATP and K IR channels share a similar structure with two transmembrane 
domains in each subunit. It appears that, like the shaker K v channel, four 0 
subunits aggregate to form a functional channel. K ATP channels are made up 
of subfamily subunits that associate with the sulfonylurea receptor. The 
sulfonylurea receptor belongs to the ATP-binding cassette ATPase superfamily. 

Single Channel Conductance 

No single channel studies on K ATP channels in the gastrointestinal tract have 
been reported In vascular smooth muscle, unitary conductance can be divided 
into two groups, a small conductance family ( 1 5-50 pS) and a large conductance 
family (100-258 pS) (reviewed in 1 10). 

Whole-Cell Current Kinetics and Regulation 

Some of the first evidence for the presence of K ATP channels in gastrointesti- 
nal smooth muscle came from a study of the effects of sulfonylureas and 



ION CHANNELS IN GUT SMOOTH MUSCLE 75 



glibenclamide on a guinea pig longitudinal smooth muscle/myenteric plexus 
preparation (111). Cromakalim and its isomer lemakalim activate a whole- 
cell K + current in canine colonic myocytes (112). Activation was inhibited 
by the sulfonylurea glyburide. However, a subsequent study showed that the 
predominant effects of cromakalim and lemakalim were on a Ca 2+ -activated 
K + channel, questioning the presence of K ATP in canine colonic myocytes 
(113). 

In rabbit esophageal muscularis mucosa myocytes, lemakalim (10 /xM) ac- 
tivates a whole-cell current that is ATP sensitive and Ca 2+ independent (114). 
The current- voltage relationship of this current showed a substantial inward 
current compatible with K ATP . Carbachol, via the M 3 receptor and PMA (mem- 
brane permeant PKC activator) inhibited the current, an effect attenuated by 
tyrosine kinase inhibitors. These results suggest that K AXP is present in rabbit 
esophageal muscularis mucosa myocytes. 

SODIUM CHANNELS 
Introduction 

The presence of Na + channels in gastrointestinal smooth muscle is controver- 
sial. The main function of Na" 1 : channels in excitable cells is to generate the 
rapid upstroke of the action potential, resulting in a rapid depolarization. Na* 
channels also play a role in the generation of pacemaker and subthreshold po- 
tentials. In gastrointestinal smooth muscle, the upstroke of the action potential 
is predominantly due to Ca 2+ entry and therefore Na + channels are not essen- 
tial in the generation of the action' potential. However, some data suggest that 
Na + channels can be found in gastrointestinal smooth muscle, although their 
physiological role is presently unclean 

Channel Classification 

Excitable-membrane sodium channels can be classified based on their sensitiv- 
ity to tetrodotoxin (TTX), the paralytic poison derived from fish of the order 
Tetraodontiformes. TTX selectively blocks Na + channels with varying kinetics, 
defining two main types of Na + : fast TTX-sensitive and slow TTX-insensitive. 

Channel Structure 

The basic structure of a Na+ channel is of four homologous protein domains 
thought to be arranged around a central pore. 

Single Channel Conductance 

Single channel Na + currents have not been measured from gastrointestinal 
smooth muscle. • 
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Whole-Cell Current Kinetics and Regulation 

Ohya et al reported that, in rabbit ileal longitudinal smooth muscle cells, re- 
moval of extracellular Ca 2+ unmasked a Na+ current at depolarized potentials. 
The current was revealed when extracellular Ca 2+ was reduced to 100 nM. 
However, the current was TTX insensitive and blocked by Ca 2+ channel block- 
ers, suggesting that it was due to Na + influx through Ca 2+ channels rather than 
through a Na+ channel (115). Inoue et al (54) studied single channel activ- 
ity evoked by ACh in single guinea pig ileum smooth muscle cells. In their 
experiments the pipette solution contained Mg 2 * (5 mM) and no Ca 2 +. ACh 
activated atropine-sensitive channels with a single channel conductance of 20- 
25 pS and a permeability ratio of Na + : K + of 1 .0 : 0.3-0.4. The permeability 
ratio suggests a NSC channel, althoughj-emoval of external Na+ resulted in loss 
of channel activity over a wide range of membrane potential (—30 to —80 mV), 
suggesting that in physiological ionic environments the channel was predom- 
inantly Na + selective. Although the channel appears to function as a Na + 
channel, it is still considered a NSC channel (54). 

A TTX-sensitive Na + current was recorded from rat ileum single smooth 
muscle cells in nominally Ca 2+ -free solution (32) and from rat fundus smooth 
muscle cells (116,117). The strongest evidence for expression of Na + channels 
in gastrointestinal smooth muscle was provided by Xiong et al (118). Single 
adult rat and human colonic smooth muscle cells were patch clamped in the 
presence of 4-AP in the bath solution and Cs 2+ in the pipette solution to block 
K + currents. Cells were held at — 100 mV and step depolarized. At voltages 
positive to* —40 mV two components of an inward current were observed: 
The slower component was was blocked by nifedipine and Ni 2+ , suggesting it 
was carried by Ca 2 + channels; the other fast component was blocked by TTX, 
unaffected by 0 mM external Ca 2+ , nifedipine or Ni 2+ , and disappeared when 
external Na + was substituted with choline, suggesting that it was a Na + current 
(Figure 4). The Na + current had half-inactivations of —74.5 and —69.5 mV, 
and slope factors of 12.2 and 7.6 mV in rat and human cells, respectively. Half- 
activation was -36. 1 and -2 1 .8 mV, with slope factors of 5.8 and 7.6 mV in rat 
and human cells, respectively. As the activation and steady-state inactivation 
curves overlapped between —60 and —30 mV, a substantial window current was 
present. The incidence of the Na+ current was higher in the proximal colon 
(16 of 22 human cells) when compared with the distal colon (7 of 32 cells). 
The uneven distribution of Na + current raises an interesting question: Were the 
Na + currents recorded from cells derived from colonic muscularis propria or 
from contaminant cells? The most likely source of contaminant cell is smooth 
muscle cells from the muscularis mucosae and interstitial cells of Cajal (ICC). 
Contamination is unlikely because the muscularis mucosae was removed in 
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Figure 4 Na + currents recorded from rat (^4) and human (B) colonic smooth muscle cells. Removal 
of Na + ions from the bath resulted in loss of the Na+ current (1 18). 

these experiments and the interstitial cells of Cajal occupy less than 3% of the 
smooth muscle volume. 



IONIC CURRENTS IN INTERSTITIAL 
CELLS OF CAJAL 

Introduction 

It has recently been established that ICC generate the electrical slow wave 
recorded from muscle cells in muscle strip preparations (120, 121). ICC ex- 
press c-Kit, a tyrosine receptor kinase, that is required for the development of 
a subpopulation of ICC. Mice partly lacking c-Kit do not have ICC associated 
with the myenteric plexus in the small intestine, unlike normal controls. No 
slow wave can be recorded from the small intestine of these mice and intesti- 
nal peristalsis is markedly altered and inefficient (120, 121). ICC may serve 
not only to generate the slow wave but also to amplify neuronal input to gas- 
trointestinal smooth muscle cells. Loss of ICC has been implicated in human 
motility disorders such as hypertrophic infantile stenosis (122), Hirshsprung's 
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disease (123), severe constipation, and intestinal pseudo-obstruction (124) and 
in inflammatory bowel disease (125). It is therefore of great interest to deter- 
mine the ionic conductances of ICC as they appear to be central to the regulation 
of gastrointestinal motility. As relatively little is known about ionic currents in 
ICC, they are grouped together. 

Ion Channels 

Initial patch clamp recording of ICC were performed in dog colon (126). ICC 
were isolated from the submucosal surface of the circular muscle layer, known to 
be a pacemaker region of the colon. Ca 2+ -activated K+ channels with a similar 
conductance (218 ± 25 pS) to colonic circular smooth muscle myocytes were 
present in on-cell patches. The voltage- and Ca 2+ -dependence of Ca 2+ -activated 
K + channels in ICC were also similar to colonic myocytes. Ca 2 + currents were 
also studied in this preparation. Inward Ca 2+ current activated within 5 ms 
and was blocked by nifedipine (1 /iM). The current- voltage relationships of 
the whole-cell inward current revealed initial activation at —60 mV, with a 
peak at 0 mV, although initial activation was more negative in the figure shown 
(—70 mV). Steady-state activation and inactivation curves revealed a window 
current, suggesting a sustained Ca 2+ influx. 

The ionic current in canine colonic ICC was further studied and compared 
with canine colonic myocytes using both standard whole-cell recording tech- 
niques and the perforated patch clamp technique. Outward current in standard 
whole-cell recordings (1 mM EGTA in pipette) activated to peak within 14 ms 
and inactivated by 60% within 500 ms. The outward current was resistant to 
4-AP (1 mM), unlike the current recorded for canine colonic myocytes, and also 
inactivated faster. Inward current from canine colonic ICC was studied with the 
perforated patch clamp technique. Inward current activated at 10 mV negative 
to inward current of canine colonic myocytes and peaked 10-30 mV more neg- 
ative than canine colonic myocytes. The current- voltage relationship showed 
a distinct hump at negative voltages, and the current was more dependent on 
holding voltage than its counterpart was in colonic myocytes. A comparison 
of steady-state inactivation curves between ICC and myocytes showed that at 
—30 mV only 13% of the peak current (at —80 mV) remained, compared with 
55% for colonic myocytes. The hump was sensitive to nickel (40 /jM) and 
insensitive to nifedipine (1 /xM). These electrophysiological and pharmaco- 
logical data suggest the presence of a low voltage-activated T-type-like Ca 2+ 
channel current, supporting a role for ICC as pacemaker cells. 

In ICC isolated from normal human jejunal circular smooth muscle, a study 
on inward Ca 2+ currents also revealed a hump in the current-voltage relation- 
ships of the whole-cell current at negative voltages, with a second inward peak 
around 0 mV, suggesting the presence of both an L-type Ca 2+ channel current 
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and a second Ca 2+ current with a more negative activation possibly T-type- 
like. However, at very negative holding voltages (—90 iriV), a similar but less 
pronounced hump in the current-voltage relationship was seen in some hu- 
man jejunal circular smooth muscle cells. Hence, the difference in Ga 2+ chan- 
nels in ICC and myocytes in the human jejunum may be quantitative and not 
qualitative (130). 

For ICC to act as pacemakers, they must generate rhythmic changes in mem- 
brane conductances. The membrane conductances in newborn BALB/c mice 
were determined from ICC maintained in culture for at least two days in the 
presence of the natural ligand for c-Kit, stem cell factor (127). At a holding 
voltage of —40 mV, voltage clamp experiments showed a rhythmic oscillation 
in current paralleled by changes in voltage under current clamp. The cur- 
rent appeared to be carried by Cl~ as it was blocked by the Cl~* channel blocker 
4-acetamido-4-isothiocyanatostilbene-2,2 , -disulfonic acid (SITS, 300 fiM) and 
the reversal potential tracked the CI*" equilibrium potential. Another compo- 
nent of the rhythmic current with faster kinetics than the CI" current was present 
but was not studied. In contrast, in a study on rhythmic activity in ICC from 
adult mouse small intestine, rhythmic inward currents were recorded with a 
frequency of 6/min (128). The current-voltage relationship reversed at + 10-20 
mV, suggesting a nonselective cation current. Which ionic conductance or con- 
ductances underlie the rhythmic changes in whole-cell current is therefore still 
unclear. Clearly, ionic conductances in ICC, especially in humans, will be a 
topic of intense investigation in the coming years. 

ACKNOWLEDGMENTS . 

The author thanks Kristy Zodrow for secretarial assistance. The work was 
supported in part by National Insitutes of Health grant DK 52766. 



Visit the Annual Reviews home page at 
http://wwwAnnual Reviews: org 



Literature Cited 



L McDonald TF, Pelzer S, Trautwein W, 
PelzerDJ. 1994. Regulation and modula- 
tion of calcium channels in cardiac, skele- 
tal, and smooth muscle cells. Physiol. Rev. 
74:365-507 

2. Singer D, Biei M, Lotan I, Flockerzi V, 
Hofmann F, Dascal N. 1 99 1. The roles of 
the subunits in the function of the calcium 
channel. Science 253:1553-57 

3. Yoshino M, Yabu H. 1985. Single Ca 
channel currents in mammalian visceral 



smooth muscle cells. Pflugers Arch. 404: 
285-86 

4. Yoshino M, Someya T, Nishio A, Yabu H. 
1988. Whole-cell and unitary Ca channel 
currents in mammalian intestinal smooth 
muscle cells: evidence for the existence 
of two types of Ca channels. Pflugers 
Arch. 411:229-31 

5. Inoue Y, Xiong ZL, Kitamura K, Kuri- 
yama H. 1989. Modulation produced by 
nifedipine of the unitary Ba current of dis- 



80 FARRUGIA 



persed smooth muscle cells of the rabbit 
ileum. PJlugers Arch. 4 1 4:534-42 

6. Rich A, Kenyon JL, Hume JR, Over- 
turf K, Horowitz B, Sanders KM. 1993. 
Dihydropyridine-sensitive calcium chan- 
nels expressed in canine colonic smooth 
muscle cells. Am. J. Physiol 264:C745- 
54 

7. Farrugia G, Rich A, Rae JL, Sarr MG, 
Szurszewski JH. 1995. Calcium currents 
in human and canine jejunal circular 
smooth muscle cells. Gastroenterology 
109:707-17 

8. Cavalie A, McDonald TF, Pelzer D, 
TrautweinW. 1985. Temperature-induced 
transitory and steady-state changes in the 
calcium current of guinea pig ventricular 
myocytes. PJlugers Arch. 405:294-96 

9. Ganitkevich VYa, Sbuba MF, Smirnov 
SV. 1987. Calcium-dependent inactiva- 
tion of potential-dependent calcium in- 
ward current in an isolated guinea pig 
smooth muscle cell. J. Physiol. 392:43 1- 
49 

10. Rich A, Farrugia G, Rae JL, Szurszewski 
JH. 1994. Temperature dependence of a 
inward calcium current in canine jejunal 
circular smooth muscle cells. Gastroen- 
terology 1 07(4): 1219 (Abstr.) 

1 1 . Farrugia G. 1 997. G-protein regulation of 
an L-type calcium channel current in ca- 
nine jejunal circular smooth muscle. J. 
Membr.Biol 160:39-46 

12. Ohya Y, Kitamura K, Kuriyama H. 1987. 
Modulation of ionic currents in smooth 
muscle balls of the rabbit intestine by 
intracellutarly perfused ATP and cyclic 
AMP. PJlugers Arch. 408:465-73 

13. Romanin C, Grosswagen P, Schindler 
H. 1991. Calpastatin and nucleotides 
stabilize cardiac calcium channel activ- 
ity in excised patches. PJlugers Arch. 
418(12):86-92 

14. Katzka DA, Morad M. 1989. Properties 
of calcium channels in guinea pig gastric 
myocytes. J. Physiol. 413:17 5-97 

15. McCarron JG, McGeown JG, Walsh JV 
Jr, Fay FS. 1997. Modulation of high- and 
low-voltage-activated calcium currents in 
smooth muscle by calcium. Am. J. Phys- 
iol 273:C883-92 

16. England S, McFadzean I. 1995. Inhibi- 
tion of voltage-dependent Ca 2+ -current 
by alpha-adrenoceptor agonists in smooth 
muscle cells. Eur. J. Pharmacol 288:355- 
64 

17. Koh SD, Sanders KM. 1996. Modula- 
tion of Ca 2+ current in canine colonic 
myocytes by cyclic nucleotide-dependent 
mechanisms. Am. J. Physiol 27l:C794- 
803 



18. Yabu H, Yoshino M, Usuki T, Someya T, 
Obara K, et al. 1990. Modification by ca- 
lyculin A of inward Ca currents in smooth 
muscle cells isolated from guinea pig tae- 
nia coli. Prog. Clin. Biol Res. 327:62^-26 

19. Ward SM, Vogalis F, Blondfield DP, 
Ozaki H, Fusetani N, et al. 1991. Inhi- 
bition of electrical slow waves and Ca 2+ 
currents of gastric and colonic smooth 
muscle by phosphatase inhibitors. Am. J. 
Physiol 261:C64-70 

20. Lang RJ, Ozolins IZ, Paul RJ. 1991. Ef- 
fects of okadaic acid and ATP gamma S 
on cell length and Ca 2+ -channel currents 
recorded in single smooth muscle cells of 
the guinea pig taenia caeci. Br. J. Phar- 
macol 104:331-36 

21. Obara K, Yabu H. 1993. Dual effect of 
phosphatase inhibitors on calcium chan- 
nels in intestinal smooth muscle cells. Am. 
J. Physiol. 264:C296-301 

22. Sims SM, Singer JJ, Walsh JV Jr. 
1985. Cholinergic agonists suppress a 
potassium current in freshly dissociated 
smooth muscle cells of the toad. J. Phys- 
iol 367:503-29 

23. Wade GR, Barbera J, Sims SM. 1996. 
Cholinergic inhibition of Ca 2+ current in 
guinea pig gastric and tracheal smooth 
muscle cells. J. Physiol 49 1 : 307-1 9 

24. Lee HK, Bayguinov O, Sanders KM. 
1993. Role of nonselective cation current 
in muscarinic responses of canine colonic 
muscle. Am. J Physiol 265:C1463-71 

25. Farrugia G, Macielag MJ, Peeters TL, 
Sarr MG, Galdes A, Szurszewski JH. 
1997. Motilin and OHM- 1 1526 activate a 
calcium current in human and canine jeju- 
nal circular smooth muscle. Am. J. Phys- 
iol. 273:G404-12 

26. Hagiwara N, Irisawa H, Kameyama M. 
1988. Contribution of two types of cal- 
cium currents to the pacemaker potentials 
of rabbit sino-atrial node cells. 1 Physiol 
395:233-53 

27. Peres-Reyes E, Cribbs LL, Daud A, Lac- 
erda AE, Barclay J, et al. 1998. Molec- 
ular characterization of a neuronal low- 
voltage-activated T-type calcium channel. 
Nature 391:896-900 

28. Yoshino M, Someya T, Nishio A, Yabu H. 
1988. Whole-cell and unitary Ca channel 
currents in mammalian intestinal smooth 
muscle cells: evidence for the existence 
of two types of Ca channels. PJlugers 
Arch. 41I(2):229-31 

29. Yabu H, Yoshino M, Someya T, Tot- 
suka M. 1989. Two types of Ca chan- 
nels in smooth muscle cells isolated from 
guinea pig taenia coli. Adv. Exp. Med. 
Biol 255:129-34 



ION CHANNELS IN GUT SMOOTH MUSCLE 8 1 



30. Yoshino M, Someya T, Nishio A, Yazawa 
K, Usuki T, Yabu H. 1989. Multiple 
types of voltage-dependent Ca channels 
in mammalian intestinal smooth muscle 
cells. P/lugers Arch. 414(4):401-9 

31. Yamamoto Y, Hu SL, Kao CY. 1989. 
Inward current in single smooth muscle 
cells of the guinea pig taenia coli. J. Gen. 
Physiol 93(3):521-50 

32. Smirnov S V, Zholos AV, Shuba MF. 1 992. 
Potential-dependent inward currents in 
single isolated smooth muscle cells of the 
rat ileum. J. Physiol 454:549-71 

33. Xiong Z, Sperelakis N, Noffsinger A, 
Fenoglio-Preiser C. 1993. Changes in 
calcium channel current densities in rat 
colonic smooth muscle cells during de- 
velopment and aging. Am. J. Physiol 265: 
C6 17-25 

34. Ward SM, Sanders KM. 1992. Upstroke 
component of electrical slow waves in 
canine colonic smooth muscle due to 
nifedipine-resistant calcium current. J. 
Physiol 455:321-37 

35. Morel JL, Drobecq H, Sautiere P, Tar- 
tar A, Mironneau J, et ai. 1997. Purifi- 
cation of a new dimeric protein from 
Cliona vastifica sponge, which specifi- 
cally blocks a non-L-type calcium chan- 
nel in mouse duodenal myocytes. Mol 
Pharmacol. 5l(6):\042-S2 

36. Jentsch TJ, Gunther W. 1997. Chloride 
channels: an emerging molecular picture. 
BioEssays 19(2): 117-26 

37. Mayer EA, Sun XP, Supplisson S, Kod- 
ner A, Regoli M, Sachs G. 1991. Neu- 
rokinin receptor-mediated regulation of 
[Ca]j and Ca-sensitive ion channels in 
mammalian colonic muscle. Arm. NY 
Acad Sci. 632:439-41 

38. Deleted in proof 

39. Byrne NG, Large WA. 1 987. Action of no- 
radrenaline on single smooth muscle cells 
freshly dispersed from the rat anococ- 
cygeus muscle. J. Physiol 389:513-25 

40. Ito S, Ohta T, Nakazato Y. 1993. Inward 
current activated by carbachol in rat in- 
testinal smooth muscle cells. J. Physiol 
470:395-409 

41. Ohta T, Ito S, Nakazato Y. 1993.Chloride 
currents activated by caffeine in rat in- 
testinal smooth muscle cells. J. Physiol 
465:149-62 

42. Akbarali HI, Giles WR. 1993. Ca 2+ and 
Ca 2+ -activated Cl~ currents in rabbit oe- 
sophageal smooth muscle. J. Physiol 
460:117-33 

43. Wang Q, Akbarali HI, Hatakeyama N, 
Goyal RK. 1996. Caffeine- and car- 
bachol-induced CI" and cation currents in 
single opossum esophageal circular mus- 



cle cells. Am. J. Physiol 27 t:C 1725-34 

44. Crist JR, He XD, Goyal RK. 1991. Chlo- 
ride-mediated inhibitory junction poten- 
tials in opossum esophageal circular 
smooth muscle. Am. J. Physiol 261: 
G752-62 . 

45. Farrugia G. 1997. Activation of a chlo- 
ride current by volume in canine jejunal 
circular smooth muscle cells. Gastroen- 
terology 1 1 2:A730 (Abstr.) 

46. Sun XP, Supplisson S, Torres R, Sachs 
G, Mayer E. 1992. Characterization of 
large-conductance chloride channels in 
rabbit colonic smooth muscle. /. Physiol 
448:355-82 ■ 

47. Sun XP, Supplisson S, Mayer E. 1993. 
Chloride channels in myocytes from rab- 
bit colon are regulated by a pertussis 
toxin-sensitive G protein. Am. J. Physiol 
264:G774-85 

48. Nilius B, Eggermont J, Voet T, Buyse G, 
Manolopoulos V, Droogmans G. 1997. 
Properties of volume-regulatied anion 
channels in mammalian cells. Prog. Bio- 
phys. Mol Biol 68(1):69-1 19 

49. Xu WX, Kim SJ, So I, Kang TM, Rhee 
JC, Kim KW. 1997. Volume-sensitive 
chloride current activated by hyposmotic 
swelling in antral gastric myocytes of the 
guinea pig. P/lugers Arch. 435(1):9-19 

50. Duan D, Winter C, Cowley S, Hume JR, 
Horowitz B. 1997. Molecular identifica- 
tion of a volume-regulated chloride chan- 
nel. Nature 390:4 1 7-2 1 

51. Farrugia G. 1998. Role of the cytoskele- 
ton in volume activation of an an- 
ion current in canine jejunal circular 
smooth muscle cells. Gastroenterology 
114(4):A751 

; 52. Farrugia G, Sarr MG. 1998. Properties of 
a volume-activated chloride current in hu- 
man jejunal circular smooth muscle cells. 
Neurogastroenterol. Motil. 10(1):70 

53. Fatt P, Katz B. 1951. An analysis of the 
end plate potential recorded with an intra- 
cellular electrode. J. Physiol 115:320-70 

54. Inoue R, Kitamura K, Kuriyama H. 1987. 
Acetylcholine activates single sodium 
channels in smooth muscle cells. P/lugers 
Arch. 4i0(\2):69-74 

55. Vogalis F, Sanders KM. 1990. Choliner- 
gic stimulation activates a non-selective 

. cation current in canine pyloric circular 
muscle cells. J. Physiol 429:223-36 

56. Nouailhetas VL, Aboulafia J, Frediani- 
Neto E, Ferreira AT, Paiva AC. 1994. A 
Na + -sensitive cation channel modulated 
by angiotensin II in cultured intestinal 
myocytes. Am. J. Physiol. 266:C 1 538-43 

56a. Guerrero A, Fay FS, Singer JJ. 1 994. Caf- 
feine activates a Ca 2+ -permeable, nonse- 



82 FARRUGIA 



lective cation channel in smooth muscle 
cells./. Gen. Physiol 104(2):375-94 

57. Nakazawa K, Inoue K, Fujimori K, 
Takanaka A. 1990. Difference between 
substance P- and acetylcholine-induced 
currents in mammalian smooth muscle 
cells. Eur. J. Pharmacol 179(3):453- 
56 

58. Lee HK, Shuttleworth CW, Sanders KM. 
1995. Tachykinins activate nonselective 
cation currents in canine colonic my- 
ocytes. Am. J. Physiol 269:C 1394-401 

59. Benham CD, Bolton TB, Lang RJ. 1985. 
Acetylcholine activates an inward cur- 
rent in single mammalian smooth muscle 
cells. Nature 316:345-47 

60. Inoue R, Isenberg G. 1 990. Effect of mem- 
brane potential on acetylcholine-induced 
inward current in guinea pig ileum. J. 
Physiol 424:57-71 

61. Inoue R, Waniishi Y, Ito Y. 1995. Ex- 
tracellular H + modulates acetylcholine- 
activated nonselective cation channels in 
guinea pig ileum Am. J. Physiol. 268: 
CI 62-70 

62. Chen S, Inoue R, Ito Y. 1993. Phar- 
macological characterization of mus- 
carinic receptor-activated cation channels 
in guinea pig ileum. Br. J. Pharmacol 
109(3):793-801 

63. Kim SJ, Ahn SC, So I, Kim KW. 1995. 
Quinidine blockade of the carbachol- 
activated nonselective cationic current in 
guinea pig gastric myocytes. Br. J. Phar- 
macol 11 5(8): 1407-14 

64. Inoue R, Isenberg G. 1 990. Acetylcholine 
activates nonselective cation channels in 
guinea pig ileum through a G protein. Am. 
J. Physiol 25%. C 11 73-78 

65. Inoue R, Isenberg G. 1990. Intracellu- 
lar calcium ions modulate acetylcholine- 
induced inward current in guinea pig 
ileum. J. Physiol 424:73-92 

66. Pacaud P, Bolton TB. 1991. Relation be- 
tween muscarinic receptor cationic cur- 
rent and internal calcium in guinea pig 
jejunal smooth muscle cells. J. Physiol 
441:477-99 

67. Sims SM. 1992. Cholinergic activation of 
a non-selective cation current in canine 
gastric smooth muscle is associated with 
contraction./. Physiol 449:377-98 

68. Komori S, Kawai M, Takewaki T, Ohashi 
H. 1992. GTP-binding protein involve- 
ment in membrane currents evoked by 
carbachol and histamine in guinea pig 
ileal muscle. J. Physiol 450: 105-26 

69. Inoue R, Chen S. 1993. Physiology of 
muscarinic receptor-operated nonselec- 
tive cation channels in guinea pig ileal 
smooth muscle. In Nonselective Cation 



Channels: Pharmacology, Physiology 
and Biophysics, ed. D Siemen, J Hes- 
cheler, pp. 261-68. Basle: Birkhause 
Verlag 

70. Rich A, Farrugia G, Szurszewski JH. 
1998. Muscarinic stimulation of a non- 
selective cation current in circular smooth 
muscle cells from canine jejunum. Neuw- 
gastroenterol. Motil 10(1):93 (Abstr.) 

7 1 . Deleted in proof 

72. Wayman CP, McFadzean I, Gibson A, 
Tucker JF. 1996. Inhibition by sodium ni- 
troprusside of a calcium store depletion- 
activated non-selective cation current in 
smooth muscle cells of the mouse anococ- 
cygeus. Br. J. Pharmacol 1 18(8):2001-8 

73. Ahn SC, Kim SJ, So I, Kim KW. 1997. 
Inhibitory effect of phorbol 12,13 dibu- 
tyrate on carbachol-activated nonselec- 
tive cationic current in guinea pig gastric 
myocytes. Pflugers Arch. 434(4):505-7 

74. Hart PJ, Overturf KE, Russell SN, Carl 

A, Hume JR, et al. 1993. Cloning and 
expression of a Kvl.2 class delayed rec- 
tifier K + channel from canine colonic 
smooth muscle. Proc. Natl Acad. Sci. 
USA 90(20):9659-63 

75. Overturf KE, Russell SN, Carl A, Vo- 
galis F, Hart PJ, et al. 1994. Cloning and 
characterization of a Kvl .5 delayed recti- 
fier K + channel from vascular and vis- 
ceral smooth muscles. Am. J. Physiol 
267:C1231-38 

76. Russell SN, Overturf KE, Horowitz 

B. 1994. Heterotetramer formation and 
charybdotoxin sensitivity, of two K + 
channels cloned from smooth muscle. 
Am. J. Physiol 267:C1729~33 

77. Wong BS. 1989. Quinidine blockade of 
calcium-activated potassium channels in 
dissociated gastric smooth muscle cells. 
Pflugers Arch: 4 1 4(4):4 1 6-22 

78. OrdwayRW,PetrouS,KirberMT, Walsh 
JV Jr, Singer JJ. 1995. Stretch activation 
of a toad smooth muscle K + channel may 
be mediated by fatty acids. J. Physiol 
484:331-37 

79. Benham CD, Bolton TB. 1983. Patch- 
clamp studies of slow potential-sensitive 
potassium channels in longitudinal 
smooth muscle cells of rabbit jejunum. J. 
Physiol 340:469-86 

80. Koh SD, Sanders KM, Carl A. 1 996. Reg- 
ulation of smooth muscle delayed rec- 
tifier K + channels by protein kinase A. 
Pflugers Arch. 432(3):401-12 

81. Shuttleworth CW, Koh SD, Bayginov O, 
Sanders KM. 1996. Activation of delayed 
rectifier potassium channels in canine 
proximal colon by vasoactive intestinal 
peptide. J. Physiol. 493:651-63 



ION CHANNELS IN GUT SMOOTH MUSCLE 83 



82. Koh SD, Campbell JD, Carl A, Sanders 
KM. 1995. Nitric oxide activates multi- 
ple potassium channels in canine colonic 
smooth muscle. J. Physiol. 489:735-43 

83. Farrugia G, Rae JL, Szurszewski JH. 
1993. Characterization of an outward 
potassium current in canine jejunal cir- 
cular smooth muscle and its activation by 
fenamates. J. Physiol. 468:297-3 10 

84. Farrugia G, Rae JL, Sarr M, Szurszewski 
JH. 1993. A potassium whole cell current 
in jejunal human circular smooth muscle. 
Am. J. Physiol. 265:G873-79 

85. Carl A. 1995. Multiple components of 
delayed rectifier K + current in canine 
colonic smooth muscle. J. Physiol 484: 
339-53 

86. Yabu H, Obara K, Usuki T. 1992. Cal- 
cium and potassium channel regulation by 
protein phosphorylation in smooth mus- 
cle cells of guinea pig taenia coli. In Ad- 
vances in Experimental Medicine and Bi- 
ology, ed. GB Frank, CP Bianchi, HEDJ 
terKeurs, 311:41—52. New York: Plenum 

87. Farrugia G, Rae JL, Sarr M, Szurszewski 
JH. 1993. Activation of whole cell cur- 
rents in isolated human jejunal circular , 
smooth muscle by carbon monoxide. Am. 
J. Physiol. 264:G\ 184-89 

88. Farrugia G, Miller SM, Rich' A, Liu X, 
Maines MD, et al. 1998. Distribution of 
heme oxygenase and effects of exogenous 
carbon monoxide in canine jejunum. Am. 
J. Physiol. 274:G350-58 

89. Miller SM, Farrugia G, Schmalz PF, Er- 
milov LG, Maines MD, Szurszewski JH. 
1 998. Heme oxygenase 2 is present in in- , 
terstitial cell networks of the mouse small 
intestine. Gastroenterology 114(2):239- 
44 

90. Hagiwara S, Kusano K, Saito N. 1961. 
Membrane changes of Onchidium nerve 
cell in potassium-rich media. J. Physiol. 
155:470-89 

91. Vogalis F, Lang RJ, Bywater RA, Taylor 
GS. 1993. Voltage-gated ionic currents in 
smooth muscle cells of guinea pig proxi- 
mal colon. Am. J. Physiol 264:C527-36 

92. Akbarali HI, Hatakeyama N, Wang Q, 
Goyal RK. 1995. Transient outward cur- 
rent in opossum esophageal circular mus- . 
cle.^m. J. Physiol 268:G979-87 

93. Doyle DA, Cabral JM,PfuetznerRA,Kuo 
A, Gulbais JM, et al. 1998. The structure 
of the potassium channel: molecular basis 

, of K + conduction and selectivity. Science 
280:69-77 

94. Vogalis F, Lang RJ. 1994. Identification 
of single transiently opening ("A-type") K 
channels in guinea pig colonic myocytes. 
Pflugers Arch. 429(2): 160-64 



95. Smirnov S V, Zholos AV, Shuba MF. 1 992. 
A potential-dependent fast outward cur- 
rent in single smooth muscle cells isolated 
from the newborn rat ileum. J. Physiol 
454:573-89 

96. Akbarali HI. 1993. K + currents in rab- 
bit esophageal muscularis mucosae Am. 
J. Physiol. 264:G1001-7 

97. Duridanova DB, Boev KK. 1995. Three 
components of potassium outward current 
in cells isolated from the circular layer of 
guinea pig ileum. Gen. Physiol Biophys. 
14(2): 125-37 

98. Duridanova DB, Gagov HS, Damyanov 
D, Boev KK. 1997. TWo components 
of potassium outward current in smooth 
muscle cells from the circular layer of 
human jejunum. Gen. Physiol Biophys. 
16(l):49-58 

99. Xiong Z, Sperelakis N, NofTsinger A, 
Fenoglio-Preiser C. 1995. Potassium cur- 
rents in rat colonic smooth muscle cells 
and changes during development and ag- 
ing. Pflugers Arvh. 430(4):563-72 

100. Nagano N, Imaizumi Y, Watanabe M. 
1997. Effects of arachidonic acid on A- 
type potassium currents in smooth mus- 
cle cells of the guinea pig. Am. J. Physiol 
272:C860-69 

101. Hong SJ, Roan YF, Chang CC. 1997. 
Spontaneous activity of guinea pig ileum 
longitudinal muscle regulated by Ca 2+ - 
activated K + channel. Am. J. Physiol 
272:G962-71. 

102. Vogalis F, Goyal RK. 1997. Activation 
of small conductance Ca 2+ -dependent K + 
channels by purinergic agonists in smooth 
muscle cells of the mouse ileum. J. Phys- 
iol 502:497-508 

103. Koh SD, Dick GM, Sanders KM. 1997. 
Small-conductance Ca 2+ -dependent K + 
channels activated by ATP in murine 
colonic smooth muscle. Am. J. Physiol 
273:C2010-21 

104. Vogalis F, Vincent T, Qureshi I, Schmalz 
F, Ward MW, et al. 1996. Cloning 
and expression of the large-conductance 
Ca 2+ -activated K + channel from colonic 
smooth muscle. Am. J. Physiol 271: 
G629-39 

105. Carl A, Lee HK, Sanders KM. 1996. Reg- 
ulation of ion channels in smooth muscles 
by calcium. Am. J. Physiol 271 :C9-34 

106. Carl A, McHale NG, Publicover NG, 
Sanders KM. 1990. Participation of Ca 2+ - 
activated K+ channels in electrical activ- 
ity of canine gastric smooth muscle. J. 
Physiol 429:205-21 

107. Carl A. Sanders KM. 1989. Ca 2+ -activa- 
ted K channels of canine colonic myocy- 
tes. Am. J. Physiol 257:C470-80 



84 FARRUGIA 



108. Mayer EA, Loo DD, Kodner A, Reddy 
SN. 1989. Differential- modulation of 
Ca 2+ -activated K + channels by substance 
P. Am. J. Physiol 257:G887-97 

109. Jury J, Boev KR, Daniel EE. 1996. Ni- 
tric oxide mediates outward potassium 
currents in opossum esophageal circu- 
lar smooth muscle. Am. J. Physiol. 270: 
G932-38 

110. Quayle JM, Nelson MT, Standen NB. 
1 997. ATP-sensitive and inwardly rectify- 
ing potassium channels in smooth muscle. ; 
Physiol Rev. 77(4): 1 165-232 

111. Zini S, Ben-Ari Y, Ashford ML. 1991. 
Characterization of sulfonylurea recep- ; 
tors and the action of potassium chan- 
nel openers on cholinergic neurotransmis- 
sion in guinea pig isolated small intestine. 
J. Pharmacol Exp. Ther. 259(2):566- 
73 

1 12. Post JM, Stevens RJ, Sanders KM, Hume 
JR. 1991. Effect of cromakalim and 
lemakalim on slow waves and membrane 
currents in colonic smooth muscle. Am. J. 
Physiol 260:C375-82 

113. Carl A, Bowen S, Gelband CH, Sanders 
KM, Hume JR. 1992. Cromakalim and 
lemakalim activate Ca 2+ -dependent K + 
channels in canine colon. Pflugers Arch. 
421(l):67-76 

114. Hatakeyama N, Wang Q, Goyal RK, Ak- 
barali HI. 1995. Muscarinic suppression 
of ATP-sensitive K + channel in rabbit 
esophageal smooth muscle. Am. J. Phys- 
iol 268:C877-85 

115. Ohya Y, Terada K, Kitamura K, Kuriyama 
H. 1986. Membrane currents recorded 
from a fragment of rabbit intestinal 
smooth muscle cell. Am. J. Physiol 25 1 : 
C335-46 

116. Muraki K, Imaizumi Y, Watanabe M. 
1991. Sodium currents in smooth muscle 
cells freshly isolated from stomach fun- 
dus of the rat and ureter of the guinea pig. 
y./ttysw/. 442:351-75 

1 1 7. Yamamoto Y, Fukuta H, Suzuki H. 1993. 
Blockade of sodium channels by divalent 
cations in rat gastric smooth muscle. Jpn. 
J. Physiol 43(6):785-96 

118. Xiong Z, Sperelakis N, Noffsinger A, 
Fenoglio-Preiser C. 1993. Fast Na + cur- 
rent in circular smooth muscle cells 
of the large intestine. Pflugers Arch. 
423(56):485-91 

119. Morgan KG, Angel F, Schmalz PF, 
Szurszewski JH. 1985, Intracellular elec- 
trical activity of muscularis mucosae of 



the dog stomach. Am. J. Physiol 249: 
G256-S3 

120. Ward SM, Burns AJ, Torihashi S, Sanders 
KM. 1994. Mutation in the proto-onco- 
gene c-kit blocks development of inters- 
titial cells and electrical rhythmicity in 
murine intestine. J. Physiol 480:91-97 

121. Huizinga JD, Thuneberg L, Kluppel M, 
Malysz J, Mikkelsen HB, Bernstein A. 
1995. W/kit gene required for interstitial 
cells of Cajal and for intestinal pacemaker 
activity. Nature 373:347-49 

122. Vanderwinden JM, Liu H, DeLaet MH, 
Vanderhaeghen JJ. 1996. Study of the in- 
terstitial cells of Cajal in infantile hyper- 
trophic pyloric stenosis. Gastroenterol- 
ogy 1 1 1 :279-88 

123. Vanderwinden JM, Rumessen JJ, Liu 
H, Descamps D, DeLaet MH, Vander- 
haeghen JJ. 1996. Interstitial cells of Ca- 
jal in human colon and in Hirschsprung's 
disease. Gastroenterology 1U(4):901- 
10 

124. Isozaki K, Hirota S, Miyagawa J, Tani- 
guchi M, Shinomura Y, Matsuzawa Y. 
1 997. Deficiency of c-kit+ cells in patients 
with a myopathic form of chronic idiopa- 
thic intestinal pseudo-obstruction. Am. J. 
Gastroenterol 92(2):332-34 

125. Rumessen JJ. 1996. Ultrastructure of in- 
terstitial cells of Cajal at the colonic 
submuscular border in patients with ul- 
cerative colitis. Gastroenterology 1 1 1(6): 
1447-55 

126. LangtonP,WardSM,CarlA,NorellMA, 
Sanders KM. 1989. Spontaneous electri- 
cal activity of interstitial cells of Cajal iso- 
lated from canine proximal colon. Proc. 
Natl Acad. Set USA 86( 1 8):7280-84 

127. Tokutomi N, Maeda H, Tokutomi Y, Sato 
D, Sugita M, et al. 1995. Rhythmic Cl~ 
current and physiological roles of the in- 
testinal c-kit-positive cells. Pflugers Arch. 
431(2):169-77 

1 28 . Thomsen L, Robinson T, Lee J, Farraway 
L, Huizenga JD. 1998. Characterization 
of spontaneous electrical activity in iso- 
lated interstitial cells of Cajal. Neurogas- 
troenterol Motil 10(1):A104 (Abstr.) 

129. Farrugia G. 1996. Modulation of ionic 
currents in isolated canine and human je- 
junal circular smooth muscle cells by flu- 
oxetine. Gastroenterology 1 10:1438^-45 

130. Rich A, Farrugia G, Sarr MG, Szurs- 
zewski JH. 1998. Calcium currents in in- 
testinal cells from human jejunum. Gas- 
troenterology 1 14(4):A826 



